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The rapid development of polymer nanocomposites has received extensive 
attention over the last few decades.  The ability to alter functionalities of composites, 
dramatically improving properties and performance at low filler content creates flexibility 
in designing materials for advanced applications in various industrial fields.  This work 
focuses on nanocomposites relevant to the packaging and aerospace industries. 
This work evaluated the ability to homogeneously distribute nanomaterials into a 
polymer matrix, understand the effects on rheological properties, understand changes to 
microstructure and effects, and characterize properties of resulting nanocomposite.  High 
torque melt mixing was used to disperse surface modified cellulose nanocrystals in a 
poly(lactic acid) (PLA) resin and graphene in a phenylethynyl terminated imide resin, 
PETI 298, using bulk graphite.  Rheology, Raman spectroscopy, and X-Ray powder 
diffraction were applied for the understanding of changes to the microstructure and 
ii 
 
location of optimum loading by the determination of the percolation threshold.  
Thermomechanical performance was evaluated through TGA, DMA, and DSC.   
It was determined that graphene and short stacks of graphene could be dispersed 
and distributed at low loadings in PETI 298.  As expected, the addition of graphitic 
material led to an increase in viscosity, but also caused a retardation of the cure which 
could be attributed to increased viscosity or quenching of free radicals.  Changes to the 
microstructure were difficult to evaluate because of the competing chemistry occurring in 
the system but it could be determined that something significant occurs around 1 wt % at 
which the melt rheology and the microstructure behavior was different from other 
composites.  It was further determined that the melt mixing process led to the formation 
of an ordered structured.   
Modification of the cellulose nanocrystals (m-CNC) with Cardura, glycidyl ester, 
provided no improvement to mechanical properties of PLA composites.  However, m-
CNCs were found to nucleate the crystallization of PLA.   Lack of improvement to 
mechanical properties could be attributed to the degradation of polymer during 
processing.  
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A composite, by definition, is prepared by the judicious mixing of two or more 
materials with different physical or chemical properties (i.e. polymer, ceramic, metal, 
etc.).1  The use of composites is an ancient concept dating back thousands of years.  For 
example, bricks and mortar, plaster and lath, as well as mud and straw are composites.  
However, it was not until the 20th century that practical polymer matrix composite 
materials were developed.1,2  Composites have provided an alternative to traditional 
engineering materials such as wood and metals.  These materials provide additional 
strength and functionality to engineering materials while assisting to overcome the short 
comings of the individual components.  The ability to tailor material properties has been 
invaluable to the improvement of living standards and assisting the great leaps in 
technological progression.  Composite materials can be categorized as structural 
materials and functional materials.1  Structural materials focus on the improved 
mechanical performance.  These materials are designed to improve strength, stiffness, 
and resistance to deformation relative to traditional monolithic materials.  Functional 
materials on the other hand take advantage of a materials response to heat, light, sound, 




Composites are multi-phased material composed of a matrix material and a 
reinforcing material.1  The matrix is a continuous phase and serves the binder that holds 
the composite together.  The reinforcement material is often times a dispersed phase, 
commonly fibrous or particles, which alone is of little use as an engineering material.  
The relationship between the matrix and reinforcement phase is paramount to the overall 
performance of a composite.  The matrix is not only responsible for holding the 
reinforcement phases in the required direction but also assists in protecting the 
reinforcement phase from environmental damage due to abrasion and generally helping 
to improve toughness while improving compression strength among other supporting 
characteristics.   
 
1.2 Matrix Materials  
 Polymer matrix composites (PMCs) are one type of composite materials.  The 
polymers, formed by covalent bonding of small organic compounds (monomers) in to 
macromolecular structures (polymers), come in many different varieties.  Polymer is the 
general terminology for all plastics which are characterized by their ability to be shaped 
or molded with heat.  Two general categories of plastics are thermoplastics resins and 
thermosetting resins.  These materials are typically low density and often easily 
processable.  Thermoplastics are resins that soften upon heating and when cooled harden 
to a molded shape.  Upon reheating these plastics will soften once again.  Like 




heating will permanently set into a molded shape.3-6 Thermosets are network forming 
monomers, oligomers, or polymers that undergo a chemical reaction upon heating, 
referred to as cure.  In this cure the polymer will form branches and cross-links forming a 
network of essentially infinite molecular weight.3,4  
 
1.3 Nanoscale Reinforcement  
The use of fillers as reinforcement has been a unique method to support polymers 
and provide addition functionality to PMCs.  Early reinforcement materials such as glass 
fibers, carbon fibers, and Kevlar gained notoriety in the civil transport, marine, 
automotive applications, and other industries owing to their light weight, high specific 
stiffness/strength and low coefficient of thermal expansion.3  Polymers are well known to 
have mechanical properties that are time and temperature dependent, identified as 
thermo-viscoelastic behavior, which the use of reinforcement fillers can help mitigate.  
Viscoelastic materials are able to undergo what could possibly be an irreversible 
deformation over time under constant load conventionally referred to as a time dependent 
creep.4  Reinforcement fillers act as anchor points restricting motion of the polymer 
chains decreasing time-dependent creep or viscoelastic deformation properties.4  
Nanoscale fillers provide a particular unique advantage of significant 
reinforcement at low loadings.  Over the last few decades, nanoparticles have attracted 
considerable attention because of their unique mechanical and electronic properties.  The 
addition of nanoscale fillers can yield dramatic changes to properties of PMCs due to 




two or more times greater than that of micro or larger aspect fillers.5,6  Therefore, the end-
product utilizing a similar loading of nanoscale filler is expected to possess properties 
that are improved three to four times the magnitude more than is found with conventional 
fillers.  One of the most intriguing properties of nanoscale fillers is the minimal filler 
content to polymer ration required to provide optimum performance.7   
The quality of the interface between the nanofiller and the matrix strongly affects 
the efficiency of property enhancement, for example load transfer.  The advantages 
provided by nanoparticles are difficult to exploit if the necessary interphase has not been 
developed.8,9  Figure 1 illustrates the magnitude of interfacial area possessed by 
nanoparticles in comparison to conventional fillers in a PMC.  The green area depicted 
the interphase region of the matrix polymer and is estimated as the polymer’s radius of 
gyration.  It has been determined experimentally that for polymers, the radius of gyration 
is on the order of magnitude as the size of nanofillers; whereas for conventional filler 
polymers, the radius of gyration is negligible relative to the filler size.  The interphase, 
the area in which the polymer motion is restricted by the filler, is proportionally much 






Figure 1. Illustration of the surface area interaction difference between micron scale and 
nanoscale particles. 
 
Dispersion and distribution of nanomaterial is of great importance to maximize 
exploitation of nanomaterial properties.  Low surface energy differences between 
nanoparticles and matrix resins lead to better dispersions,11-13  while high surface energy 
differences limit dispersion.14,15  Aggregation of nanoparticles leads to stress build up in 
composites that contributes to material failure.  A desirable dispersion for reinforcement 
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2.1 Historical Development of Aromatic Polyimides 
Although the first aromatic polyimide was synthesized in 1908, it was not until 
work at DuPont in the 1950s that this field gained notoriety.19  During this timeframe 
DuPont found a way to cope with the issue of intractability of polyimides with the 
development of “convertible polymers”.20  The development of these convertible 
polymers introduced a new and novel way to convert polymers from a malleable 
precursor into an intractable polymer.  Initial development yielded a product, Polymer E, 
which quickly fell by the wayside when its thermal stability was found to be inferior to 
poly(ethylene terephthalate) (PET).  Polymer E was based on 4,4'-
dimethylheptamethylene and pyromellitic dianhydride (PMDA) using a direct melt 
polymerization of the dianhydride with aliphatic diamines or their amine salts.21  
Although this research resulted in a useless intractable polymer, a new concept was 
developed, the use of an aromatic diamine, forming a completely aromatic structure 
which would be expected to be more thermally durable and softening at much higher 






By the late 1950s DuPont had established a viable polyimide candidate by a two-
step process that formed poly(amic acid) using a condensation reaction in dimethyl 
formamide (DMF) followed by cyclodehydration to form polyimides, through the initial 
study of m-phenylene diamine (MPD) and pyromellitic dianhydride (PMDA).  Evaluation 
of the new polyimide films highlighted their improved thermal, electrical, and 
mechanical properties when compared to the other materials of that time; establishing 
their promise for future industrial applications.  Upon broadening the study to include a 
variety of diamines, it was determined that the use of oxydianiline (ODA) greatly 
improved the molding potential of these resins.  In addition to the molding potential of 
the ODA-based polyimides, it was determined that ODA-PMDA combinations display 
greater hydrolytic stability than its MPD-based counterparts.  Although not as thermally 
stable as MPD- or p-phenylene diamine (PPD)-based derivatives, the ODA – PMDA 
system designated H – films, shown in Figure 2, displayed excellent thermal stability in 
both nitrogen and air.  By the mid-1960s, DuPont had three major polyimide products 
designated, KaptonTM, VespelTM, and Pyre-MLTM, which were respectively used for 
films, molding powder, and wire insulation.22  DuPont later went on to develop other 
condensation polyimides like Avimid N used in electronic packaging, wire insulation, gas 
separator membrane, and as a matrix for making polyimide-carbon fiber reinforced 
composites.23  Following DuPont’s publication of its initial findings, global interest in 
aromatic polyimide research greatly increased, resulting in the broadening of research 









































Figure 2. Two step condensation synthesis of KaptonTM.22  
 
DuPont’s Avimid N polyimide (Figure 3) synthesized from 4,4ʹ-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and  p-phenylene diamine 
(6FDA-PPD) displayed excellent potential for applications in high temperature 





toughness, and excellent thermal oxidative stability, displaying good retention of 
mechanical properties following 100 hours of aging in air at 360 °C.24  Although these 
properties are quite attractive for structural applications, the preparation of carbon-fiber 
reinforced composites suffered from the drawbacks of being costly due to low melt flow 
and requirements of intricate and time-consuming curing schedules.25  The extensive 
processing schedule was caused by the necessary removal of low vapor pressure N-
methyl pyrollidone (NMP) solvent, the presence of which, could lead to high-void 
content.  In addition, volatile by-products such as water and alcohol may also lead to void 
formations during composite processing if not fully removed.26,27  
Within the United States, The National Aeronautics and Space Administration 
(NASA) in particular became an enormous driving force behind the development of 
polyimides, contributing a number of advancements.  A few of these contributions 
include bis-maleimide composites,28,29  the Langley Aerospace Research Center (LARC) 
polyimide series,30  colorless polyimides,31 and poly(imide/etherketone) copolymers.32  
Additionally, NASA’s contribution to the generation of melt-processable polyimides has 





























Figure 3. Preparation of Avimid N.22  
 
Aromatic polyimides are of great interest in high temperature applications 
particularly in the aerospace industry.  The insolubility and intractability of these 
polymers which make them so desirable for composite applications, adversely affects 
their processability.  Researchers at the NASA Lewis Research Center, later renamed 
Glenn Research Center, responded to this processing challenge by development of the 
Polymerization of Monomer Reactants (PMR) approach.  This class of polyimide utilized 
in situ polymerization of monomer reactants on the surface of reinforcing fibers.  
Improvements in the processability were achieved without adverse effects to performance 





alcohol solutions of monomer, typically using low boiling alcohols methanol or ethanol.  
The reaction is a two-step process with the removal of volatiles in a low temperature step 
around 200 °C, yielding low molecular weight oligomers.  Additionally, the 
polymerization of the norbornenyl group occurs at elevated temperatures 275-350 C 
without the evolution of volatiles, making it possible to synthesize low void composites. 
The first commercially available PMR, which is still available on the market 
today, was PMR-15 developed at NASA’s Lewis Research Center.26,33,62  Preparation of 
this system utilizes the unique properties of the 3,3',4,4'-benzophenone tetracarboxylic 
acid diester (BTDE), which was reacted with methylene dianiline (MDA) and the 
monoalkyl ester 5-norbornene-2,3-dicarboxylic acid (NE).  PMR-15 (Figure 4) is 
prepared by the previously reported two-step PMR formation process, typically using 
methanol or ethanol as solvent.  Following the removal of low boiling solvents, this 
process yields short chain oligomers (MW = 15,000 g/mol) with norbornyl end groups.  
Composites prepared from PMR-15 exhibit acceptable mechanical properties for 
structural applications and display a post cure Tg of 365 °C, and long-term 
thermoxidative stability in air greater than 10,000 h up to 230 °C.  Considerably less 
thermoxidative stability was displayed at temperatures exceeding 316 °C.  Although 
significant improvements were made to the processability of these polyimides great 
concern remained in regard to the possible adverse health effects surrounding the 
























                 200 – 250˚C  
         
 
  




Figure 4. Preparation of PMR-15 and the polymerization of the nadic-end cap.22  
 
Additional resins were developments based on the norbornyl end-capped group 
















(Figure 5) developed by the U.S. Air Force.  Both of these systems provided 
improvements in the melt processability and/or high-temperature performance over their 
PMR-15 predecessor.  However, applications remain limited because neither of these 
systems was able to provide improved high thermal stability due to norbornyl end group, 
which imparts a high degree of saturated carbons in the final polymeric structure.  
 
 
Figure 5. Structure of AFR-700B.35 
 
The application of an acetylene end-cap in place of the nadic-end cap as a curing 
site for polyimides yielded resins with high Tgs, displaying thermoxidative stability up to 
316 °C.36  An additional advantage is that these end-caps do not evolve volatile by-
product during cure, thereby producing void-free composites.  An acetylene terminated 
imide developed by Hughes Aircraft Company under the trade name Thermid 600 
(Figure 6) was found to be promising as matrix material for glass and graphite-reinforced 
composites and a host of other applications.37,38  However, these resins had limited 
acceptability due to their high melting points and rapid cure creating a narrow processing 
window.  With a polymerization temperature of 195 C, very close to the imidization 





of limited use.  An addition of a phenyl ring to the acetylene end cap, using the 
phenylethynyl end group, increased polymerization temperatures to 300 C.39-41  
Commonly used end-caps such as phenylethynyl phthalic anhydride (PEPA) resulted in 
low melt viscosity and are low toxicity.  The use of the phenylethynyl end group is 
preferred in high temperature applications because they result in high curing temperatures 
and provide low melt viscosity without the evolution of volatile byproducts.42  
 
 
Figure 6. Structure of Thermid 600 polyimide.37  
 
For the duration of NASA’s High-speed Civil Transport (HSCT) program, 
running from 1989-1998, the primary focus was on the development and investigation of 
adhesives and composite structural components for advancing the technology into 
aircraft; however, it also contributed to reusable launch vehicles.  A crowning 
achievement of this program was the development of a class of phenylethynyl terminated 
imide (PETI) resins exhibiting ease of processing.  PETI-1 (MW = 9000 g/mol) was the 





efforts on formulations focused on further improvement of thermal properties and the 
lowering of melt viscosities in order to move away from autoclave methodologies of 
composite application.42  
PETI-5 (Figure 7) and PETI-8 formulations made great improvements to thermal 
properties pushing post cure Tgs to 270 °C and 300°C, respectively.
42-44  Reductions in 
viscosity were achieved by an overall reduction of molecular weight.  PETI-5 (MW = 
5000 g/mol) is a random copolymer prepared from 3,4'-oxydianiline, 1,3-bis(3-
aminophenoxy)benzene, 3,3′,4,4′-biphenyltetracarboxylic dianhydride, and endcapped 
with 4-phenylethynylphthalic anhydride , while PETI-8 (MW = 1125 g/mol) is based on 
3,3',4,4'-biphenyltetracarboxylic dianhydride, a 50:50 molar ratio of 3,4'-oxydianiline and 
1,3-bis(3-aminophenoxy) benzene, with 4-phenylethynylphthalic anhydride as the 
endcapping agent.  By adjusting the stoichiometric ratios of monomers essentially any 
desired molecular weight for the resin system can be prepared.  The reduction of the 
resin’s molecular weight displayed marked improvements on the viscoelastic properties 
improving processability by conventional resin transfer molding (RTM) and other resin 
infusion (RI) techniques.  Smith et al. demonstrated that lower molecular weight 
oligomers exhibited higher cure Tgs, better processability, and better retention of 























Figure 7. The formulation of PETI-5.43,44  
 
PETI 298 and PETI 330, shown in Figure 8, are additional resin systems 
developed by NASA LaRC with their numerical notations denoting the post cure Tgs of 
these resin.  Both of these formulations provided further improvements to thermal and 
viscoelastic properties causing them to emerge as leading candidates for composite 
processing using non-autoclave methods, such as, RTM and VARTM.  The formulations 
were prepared by varying the diamine or ratio of diamines, or the dianhydride.46-55  The 
polydispersed imide resins, characterized by gel permutation chromatography (GPC), are 
composed of oligomers with an average molecular weight of 750 g/mol.52,53  These low 
molecular weights result in low melt viscosities.  PETI 298, the polymer focused on in 
this study, is formulated from symmetrical 2,3,3΄,4΄-biphenyltetracarboxylic dianhydride 
(s-BPDA), 1,3,-bis(3-aminophenoxy)benzene (1,3,3-APB), 3,4΄-oxydianliline (3,4΄-
ODA) and end-capped with 4-phenylethynylphthalic anhydride (PEPA). The melt 
viscosity of PETI 298 has been reported to be about 0.1-10 Pa·s, at 280 °C, the oligomer 





hand, is formulated from an asymmetrical 2,3,3΄,4΄-biphenyltetracarboxylic dianhydride 
(a-BPDA) and mixtures of 1,3-bis(4-aminophenoxy)benzene (1,3,4-APB) and m-
phenylendiamine (m–PDA), and PEPA end-cap, displaying much lower minimum 
viscosity around 0.06-0.1, Pa·s, attributed to the highly irregular structures of the 
oligomer backbone.46,57  
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2.2 General Synthesis of Polyimides 
The vast majority of commercially available polyimides are rigid planar aromatic 
and heteroaromatic structures that are infusible and insoluble.  These polyimides are 
produced by a number of synthetic pathways following both condensation and addition 
routes.  The most prevalent pathways for synthesizing polyimides are the two-step and 
the high-temperature one-step methods.  Other synthetic routes include: low-temperature 
one-step methods,58 tetracarboxylic acid reactions,21,59-62 exchange reaction,63,64  
nucleophilic substitution reactions,65-67 cycloaddition reactions,68,69 and C-C coupling 
reactions.70,71   
Earlier work at DuPont Co. managed problems of intractability by synthesizing a 
poly(amic acid) precursory powder and converting it into the final polyimide.72  The step-
growth polymerization proceeds by initially forming of a poly(amic acid) precursor by 
addition of diamines and dianhydride into a dipolar aprotic solvent such as N,N- 
dimethylacetamide (DMAc), dimethylformamide (DMF), N-methyl-2-pyrrolidone 
(NMP).  Upon addition a poly amic acid is rapidly formed at ambient temperatures.73,74  
The mechanism for this reaction involves the nucleophilic attack of the electron rich 
amino group on the carbonyl carbon of the anhydride group, causing a ring opening of 
the anhydride link to form an amic acid group. 
Conversion of the poly(amic acid) precursor to its corresponding polyimides can 
be achieved by thermal or chemical imidization.  Thermal imidization is by far the most 
commonly used route for preparing thin objects such as films.  Cast films are dried by 





rapid heating which could result in the possible formation of bubbles and voids in the 
sample. Cyclization of the polyimide results in the release of a solvent molecule along 
with water of condensation.75  Chemical conversion of maleamic acid to maleimides has 
been achieved via a cyclodehydration using acetic anhydride and dehydrating agent.76,77  
Dehydration is readily achieved at ambient temperatures employing acetic anhydride in 
dipolar aprotic solvents or tertiary amines as common reagents for the imidization.78-80 
Of the one-step polyimide cyclization methods the high-temperature solution 
polymerization is most common.  This stage solution polymerization is the preferred 
method for polymerization of low molecular weight polyimides that are soluble in 
organic solvents at the polymerization temperatures.  The imidization process proceeds 
rapidly in stoichiometric mixtures of monomer heated in boiling solvent or solvent blends 
in the 142 – 250 °C temperature range.73,81  Although, the formation of high molecular 
weight poly(amic acid) is not required for this method, imidization still proceeds via an 
amic acid intermediate and therefore is present at very small concentrations.73  Amic acid 
concentration remains very small at any time during the polymerization due to its 
instability and at high temperatures it rapidly imidizes, or reverts to its independent amine 
and anhydride constituents.  Reaction occurs spontaneously as chain growth and 
imidization are promoted during vigorous boiling in solvent creating a low molecular 








2.3 Processability of Polyimides 
A number of studies have concentrated on the formulations and characterization 
of PETI resins for processability.  The addition of the phenylethynyl end groups made 
processing polyimides amendable to RTM and VARTM applications,82,83 which are 
adaptations of the controlled atmospheric resin infusion (Capri) process developed by 
Boeing.84  Traditionally, these materials were processed from solvent laden prepreg and 
required high-pressure autoclave processing, followed by the removal of volatiles in 
order to fabricate high-quality carbon fabric reinforced composites.  The polymerization 
of monomeric reactants approach, such as that utilized with PMR-15, were a means to 
achieving processability and the production of good quality composites.  However, the 
undesired effects using toxic monomers, such as methylenedianiline and solvents, which 
must be removed during composite fabrication and subsequently disposed of, causing 
these resins to be unattractive for commercial processing.  Additionally, this processing is 
hindered by complex cure cycles and extending post cure times require for the fabrication 
of these materials.34  
As described above, PETI resins were specifically formulated for processability 
by RTM and VARTM, resin infusion (RI) methods for composite fabrication.  Typically, 
these processes proceed by de-gassing the resin at elevated temperatures and injecting the 
molten resin into a preheated mold with glass or carbon fabric.  Upon infusion of molten 
resin, the material is allowed to permeate throughout the fabric.  Subsequent curing of 





void content which display exceptional mechanical properties for aerospace 
applications.51  
 
2.4 Cure Chemistry of PETI Resins 
The chemistry of phenylethynyl end groups has been studied extensively.  
Fundamentally, the properties of the composite formed are determined by the formation 
of a thermally stable cross-linked structure.  However, because of the natural 
insolubility/intractability, greatly desired in the production of aerospace components, the 
cured resins are difficult to characterize.  A number of attempts have been made to 
elucidate the cure mechanism and final structure of phenylethynyl terminated 
oligomers.85-92  It has been proposed that the use of simple phenylethynyl terminated 
imide molecules or more complex imide oligomer end-capping agents react by a route of 
a ethynyl to ethynyl addition chain reaction or by an ethynyl to ethynyl chain extension 
reactions.  Other viable reaction routes include ethynyl to ethynyl trimerization or 
tetramerization reactions, ethynyl to vinyl and vinyl to vinyl cross-linking and branching 
reactions forming polyenes, subsequently followed by cyclization via Cope 
rearrangements, intra- and intermolecular Diels-Alder, and intra- and intermolecular 
polyene reactions.55,93  Pickard et al. provided additional validation to these reaction 
pathways with their study using 3-phenoxyphenyl.  This mechanism of reaction 
proceeded in bulk by thermal polymerization yielding soluble products of polyenes 
having trans-cisoidal configuration, lower molecular weight species such as 1,3,5-tris(3-





radical polymerization pathways have been proposed that suggest mechanisms forming 
























Figure 9. Formation of polyenes, dimer, and cyclic trimers.89  
 
Harrington et al. conducted one of the earliest studies of cure mechanism using 
high-pressure liquid chromatography (HPLC).  In this experiment, the model compound 
4-phenoxy-4'-phenylethynylbenzophenone was observed during thermally curing at 375 
C from 0 to 60 min.  In this experiment, the chromatogram exhibited a number of 
relevant peaks, but they were unable to be identified by mass spectroscopy due to low 
concentrations.100  Wood et al. followed up the studies by Harrington, using  4-phenoxy-
4'-phenylethynylbenzophenone (Figure 10), as a model compound for cure at 





phase liquid chromatography (LC) in combination with mass spectroscopy (MS) 
determined that dimers, trimers, and possibly tetramers were formed during initial cure.  
Several pathways were discussed for the dimer formation: 1) tail to tail product with 
phenyl ring migration, 2) ethynyl to phenoxy ether product with phenyl ring migration, 
and 3) ethynyl to ethynyl addition to form a labile cyclobutadiene dimer intermediate 
which on rearrangements formed a stable structure and diphenylacetylene identified by 





Figure 10. 4-phenoxy-4'-phenylethynylbenzophenone.90  
 
There have been several reports on the cure of acetylene terminated polymer 
chemistry investigated using solid-state 13C cross-polarization magic-angle spinning 
(CPMAS) NMR.101-103  Swanson et al. conducted studies using an acetylene terminated 
polyisoimide labeled with 13C at the benzophenone carbonyl carbon, the isoimide/imide 
carboxyl carbon, the C-1 (quaternary acetylene) ethynyl carbon, or the C-2 (terminal 
acrtylene) ethynyl carbon; sites expected to be involved in the cure chemistry.104  This 





cyclotrimerization, thermal cyclization to phenylnaphthalene by Straus coupling of ene-
yne structure, Diels-Alder addition forming condensed polycyclic aromatic systems, as 
well as some products formed by biradical pathways.  Meyer attempted to follow the cure 
of N-[3 (phenylethynyl)phenyl]phthalimide (3PEA/PA) and N-phenyl-[4-
(phenylethynyl)phthalimide] (PEPA/An) using 13C nuclear magnetic resonance (NMR).  
In addition to the depletion of ethynyl peaks, corresponding growths in intensity of peaks 
in the range of 120-125 ppm and 136-144 ppm were noted, which suggested the 
formation of both aromatic and polyene products.  Definitive assignments were not 
possible due to the overlapping peaks.85,86,91    
Studies conducted by Fang et al. utilized solid state 13C magic angle spinning 
(MAS) NMR to observe a 13C-labeled model compound (13C-PEPA-3,4'-ODA) and an 
imide oligomer (13C-PETI-5).105  This study followed the thermal cure over the 
temperature range 318-380 °C for the 13C-PEPA-3,4'-ODA and a temperature range of 
350 to 400 °C for 13C PETI-5.  The studies support the findings of the ethynyl to ethynyl 
addition reaction can generate complex geometric structures like the cycloolefin-polyene 
fused ring as well as cyclic structures such as hexaphenyl substituted aromatic structures.  
 
2.4.1 Cure Kinetics 
The cure kinetics of PETI resins have been monitored using a number of 
analytical techniques, including: HPLC, 1H and 13C NMR, differential scanning 
calorimetry (DSC), Fourier transform infrared spectroscopy (FT IR) and melt 





acetylene by DSC.  Dynamic temperature ramp experiments led to the determination of a 
first order reaction for 20 – 60% conversion over the 127 – 327 C temperature range.  
Isothermal experiments determined reaction orders from 2.3 to 2.9 over 200 – 267 C 
temperature range for the first 50% of the reaction.  In contrast to the studies by Pickard 
et al., studies conducted by Feng et al. monitoring the disappearance of acetylene triple 
bond of  PEPA-3,4'-ODA by infrared spectroscopy suggest first-order kinetics over the 
entirety of the reaction, suggesting only a simple ethynyl to ethynyl addition reaction.106  
However, follow-up studies using solid-state NMR determined that not only do ethynyl 
triple bonds react to form carbon-carbon double bonds, but also that these bonds further 
react to form 13C-13C single bonds.  Considering the entire cure reaction, the reaction 
order should be greater than 1.105   
In a study by Hinkley the kinetics of the thermal cure of phenylethynyl-terminated 
imide oligomers were evaluated by DSC.108  Using the isoconversional method by Flynn, 
Wall, and Ozawa it was determined that all stages of the reaction could be described by 
an average activation energy, Ea, of 33.2 kcal/mol with an overall reaction order of 1.5. 
However, the chosen rate law failed to describe the data over the full range of conversion 
values.  This data, derived from the cure exotherms, shows that the reaction cannot be 
described by a simple order with respect to concentration; however, the single activation 
energy explains a temperature dependence.   
Lastly, Bullions et al. developed a dual-Arrhenius rheology method to evaluate 





mechanism was found to follow a first-order kinetic reaction model.  These findings were 
confirmed by follow-up measurements by DSC.110   
 
2.5 Carbon Reinforcement Materials 
A great number of publications have focused on the use of various carbon based 
nanomaterials for reinforcement of PMCs.111-118  The vast majority of these publications 
focus on the use of carbon nanotubes and graphene.  
Research into the application of carbon based nanoscale fillers began in 1991 with 
Iijima’s publication on the transmission electron microscope (TEM) imaging of carbon 
nanotubes (CNTs).119  Since Iijima’s publication, the addition of nanoscale materials to 
composites has been a field of increasing interest.120-122  The enhanced properties of 
nanoscale fillers have provided property improvement for range of products.  Research 
focused on functionalization of polymer matrices and nanofiller has assisted the 
development of composite materials for specific applications by increasing the 
dispersibility, and compatibility of the nanomaterials with the polymer matrix.113,123  
 
2.5.1 Graphene 
For over a decade, research on graphene has experienced at a rapid increase, 
leading to a boom in technological advances by the application of state-of-the-art 
composite materials.  A number of industries have found beneficial attributes based on 
the addition of graphitic filler to a host polymer matrix.  Because of these enhanced 





electronics, energy, structural and mechanical, environmental, medicine, and food and 
beverage.113  A rapid growth in applications requiring graphene has created the necessity 
for mass production.  Prior to graphene’s eruption onto the global market as a free-
standing 2D atomic crystal in 2004, theoretical analysis of the crystal has been ongoing 
for over seventy years.124-126  During the time of the theoretical study, it was presumed 
that graphene existed as a fundamental portion of the 3D material graphite, but was 
described as an ‘academic’ material, i.e. of the interest to study, but not useful for 
industrial application.127   
Thermodynamic studies conducted close to 80 years ago by Landau and Peierls 
argues the position that 2D crystals were not thermodynamically stable and therefore 
unable to exist.128,129  The principle focus of this theory centered on the concept of atomic 
displacement equivalent to interatomic distance occurring at a finite temperature.130  
Suggesting that, as film thickness decreases the melting point will also decrease.  
Previous studies into the thermal instability of thin films of graphene dictates at a 
thickness of a few dozen atomic layers films will begin to segregate into islands or 
decompose.131-133  These hypotheses of instability were the driving force behind 
monocrystals existing as individual building blocks of a large 3D structure.  For research 
purposes graphene was usually grown epitaxially atop monocrystals possessing the same 
crystal lattice.131,132  In 2004, Novoselov et al. negated the theory of crystal instability 
with the discovery of freestanding 2D atomic crystals of graphene, boron nitride, several 
dichalcogenides, and complex oxides such as Bi2Sr2CaCu2Ox (BSCCO).
134,135  Using a 





bulk graphite. The basic graphene structure is depicted in Figure 11.  Liberation from the 
bulk mass yielded single- and few-layer graphene flakes held on the substrate by van der 
Waals force and could be released by etching away the substrate.  The 2D graphene 
crystals were also attained via liquid suspension, as suspended membranes, and 
epitaxially grown on nanocrystalline substrates.134-139 
 
 
Figure 11. Graphene is a 2D building material for carbon materials of all other 
dimensionalities. The mother of all graphitic forms graphene can be wrapped up into 0D 
fullerenes, rolled into 1D nanotubes or stacked into 3D graphite.120 
 
Graphene is a 2D honeycombed crystal lattice structure composed of a monolayer 





graphene can be wrapped into 0D fullerenes, rolled into 1D nanotubes, or stacked into 3D 
graphite structures (Figure 11).  There is a slight ambiguity in the classification of 
graphene crystals.  Although graphene by definition is a single atomic monolayer, studies 
of the electronic structure indicate rapid evolution of the structure with the addition of 
layers.  Partoens et al. demonstrated that the evolution of the electronic structures reaches 
3D limits of graphite at 10 layers.141  Before reaching 3D limits single-, double-, and few 
(3 to < 10) layer graphene crystals are distinguished as three different types of 2D 
crystals (‘graphenes’).127  In differentiation to the different types of crystals, the 
electronic spectra of graphene and its bilayers are relatively simple; they are zero-band 
gap semiconductors, consisting of one electronic state and one type of hole.127  The 
electronic spectra of three or more layers becomes increasingly complicated; several 
charge carriers appear.134,142  Novoselov et al. and Partoens et al. furthermore showed that 
graphene crystals beyond two layers show a notable overlap of the conduction and 
valence bands.134,141  
Attempts to synthesize graphene have increased as industrial applications 
continue to increase.  The process is slowly progressing due to the difficulty in 
reproducing quality samples in a scalable manner.143  Challenges rise in the synthesis of 
graphene because performance of the material depends on a combination of the number 
of layers and the quality of the crystal lattice.144-147   
Early attempts to synthesize graphene utilized chemical exfoliation techniques 
removing layers from graphite in solution.138,148-152  Using atoms or molecules the bulk 





graphene atomic planes can be achieved by the use of larger molecules creating a 3D 
matrix with isolated graphene layers embedded throughout. Upon removal of the 
intercalating molecule by chemical reaction, a restacked sludge of scrolled graphene was 
obtained.154-156  Bottom up methods utilize the growth of graphene directly from organic 
precursors onto substrates.  The growth of single- and few- layer graphene have been 
achieved using epitaxial growth by chemical vapor deposition of hydrocarbons on metal 
substrates.157,158  This method utilizes the growth of graphene directly from organic 
precursors.159-162  Epitaxial growth was also achieved by thermal decomposition of silicon 
carbide (SiC).163-167  Attempts have also been made to catalyze the growth in situ on a 
substrate.165,166,168-171  Each of these techniques provides their own advantages as well as 
drawbacks.  Graphene derived in solution requires extensive modification of the crystal 
lattice for complete exfoliation leading to degrading device performance.151,172  The 
insolubility of macromolecules along with the occurrences of side reaction increasing the 
molecular weight, organic synthesis of graphene has been limited.159  Chemical vapor 
deposition (CVD) and the reduction of silicon carbide onto substrates can create a very 
thin line concerning the thermodynamic stability.169  After nucleating a single layer, 
conditions must be carefully controlled for to promote growth without seeding addition of 
layers or forming grain boundaries.140  
Mechanical exfoliation techniques also called top-down approaches achieves 
delamination by the cleavage of single and few layer graphene crystals from the bulk 3D 
structure.  So far, mechanical exfoliation has produced the highest quality samples, but 





graphene is achieved by overcoming the van der Waals attraction between the first and 
second layers without disturbing subsequent layers.  In 1999, Ruoff’s research group 
conducted one of the earlier studies using an atomic force microscope (AFM) tip in order 
to manipulate small pillars of graphite.173  At that time, the thinnest slabs observed were 
200 nm thick, which is an equivalent of 600 layers.  Zhang et al. later improved on 
Ruoff’s studies by transferring the pillars to a tip-less cantilever, successively stamping 
the pillars down to slabs as thin as 10 nm or 30 layers thick.174  It was not until 2004 that 
ultimately a simpler approach was responsible for isolating single layer graphene.134  
Cellophane tape was utilized to peel successive layers from a graphite flake.  The tape 
was then pressed against a substrate to deposit a sample.  Although multiple layers adhere 
to the tape van der Waals attraction to the substrate caused delamination of a single sheet 
when the tape was lifted away.  
The electronic quality of graphene crystallites is remarkable.134-139,175  A single 
layer graphene is a zero gap semiconductor with overlapping the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) at a 
single Dirac point.  The electronic properties of graphene are due its high quality 2D 
crystal lattice.135,144,176-178  The high quality of the crystal lattice implies an uncommonly 
low density of defects which would act as scattering site preventing charge transports.  
Measurements of charge carriers show extremely high mobility.136,144,179,180  The 
electronic structure can be marked in an ambipolar field effect exhibiting continuous 
tuning of charge carries between holes and electrons in concentrations (n) reaching 1013 





dependence on temperature (T) implies that at with increased temperature the scattering 
impurities are not affected therefore becoming a limiting factor.  Electrically and 
chemically doped graphene devices maintain high carrier mobilities (μ) at high carrier 
fluctuations (n) (> 1012 cm-2).181  Bolotin et al. was able to measure carrier mobility in 
excess of 200,000 cm2/(V s) for a single layer of mechanically exfoliated graphene.179  
High carrier mobility at this stage indicates that charges are being transported at ballistic 
speed on a micrometer-scale.  Speed of this sort opens up many new possibilities in the 
semiconductor industries for the fabrication of all-ballistic devices.179  
 
2.5.2 Functionalization of Graphene  
Efforts to improve the solubility and therefore enhancing processability of 
graphene material have been a major focus of the last decade.118  A numerable chemical 
pathways have been used for modifying sp2 carbon structures.182  A few of these 
chemical modifications can be seen in Figure 12.  The primary research focus regarding 
production of donor acceptor hybrid materials based on graphene is to facilitate the 
charge-transfer phenomena.118  The insolubility of graphene and carbon nanotubes 
prevents the chemical modification necessary for manipulation towards application.  The 
transfer of charges within graphene crystals depend heavily on high-quality crystal lattice 
with a low density of defects which would cause scattering. 
Functionalization methodology of graphene has been well reviewed.183-188  There 
have been two primary routes towards the functionalization of graphene.  The first 





graphene oxide (rGO) goes through a post modification process to give functionalized 
graphene.189  A drawback to this modification occurs as reduction of GO sometimes leads 
to amorphous carbon with the inability to restore the initial sp2 network.183  Deviation 
from pristine crystal structure greatly alters the properties of graphene making them 
unusable for electronic processes.  A more effective methodology for modification of 
graphene involves wet exfoliation followed by the functionalization.  Wet exfoliation of 
graphene allows functionalization by two methods.  The first involves the use of organic 
molecules which can be covalently anchored graphene lattice.190  Exfoliated graphene can 
also be functionalized supramolecularly by π – π stacking or van der Waals 
interactions,191 the latter of the two methodologies experience is weak interactions 
between the graphene in organic molecule usually leading to loss of organic moiety.  
These observations insist exfoliated graphene, which has been covalently functionalized 







Figure 12. General chemical modification routes for exfoliated graphene sheets. (a) [3 + 
2] 1,3-dipolar cycloaddition of in situ generated azomethine ylides, (b) [1 + 2] Bingel 
cycloaddition, (c) aryl diazonium addition, and (d) azide addition.118  
 
Geim et al. demonstrated the ability of electrons to travel around the 2-D crystal 
structure of graphene without scattering creating a continuum of charge flow.  This 
charge continuum explains the relevance of utilizing various forms of graphene sheets in 
the production of electronic systems.  Photoactive component such as porphyrins and 
phthalocyanines have been used to produce graphene hybrid materials, followed by the 
evaluation regarding photo-induced charge transfer phenomena.192-194 
Based on the exceptional thermal, mechanical, and electronic properties of 
graphene due to long range π-conjugation, the material is ideal filler for composite 





loading volumes while receiving substantial enhancements multifunctional applications.  
These characteristics of low loading high aspect ratio fillers allows for the fabrications of 
materials which are lighter with simpler to processing.195-197  Graphene improves the 
physicochemical qualities of the host matrix by and between layers of graphene and the 
host matrix.  In 2010, Kuilla et al. extensively explained the importance of graphene in 
various host materials while also compared various nanofillers and listed the important 
applications in detail.198  
Ramanathan et al. have shown the ability of functionalized graphene sheets to 
greatly increase the properties of polymethyl methacrylate (PMMA). A study of 1 wt % 
graphene loaded PMMA exhibited an increase in the elastic modulus of 80% while also 
giving a 20% increase in tensile strength.199  Ramanathan et al. later demonstrated by 
using 1% functionalized graphene sheets in a polyacrylonitrile (PAN), the Tg of the 
composite increased by 40 C.  Utilizing a nanoindentation technique Das et al. were able 
improve the elastic modulus and crystallinity loadings of 0.06% graphene.200  These 
authors concluded that the enhancement was due to close mechanical interactions that 
dictate a better load transfer between polymer matrix and graphene.  Water-dispersed 
graphene-tryptophan-PVA nanocomposites prepared by Guo et al. showed a 23% 
increase in tensile strength at loadings as low as 0.2 wt %.201    
Raman spectroscopy of graphene has proven to be one of the most effective 
methods for probing the thickness of exfoliated graphene.  Validity of this technique 
becomes clear taking into account that graphite and graphene directly reflect changes in 





graphite and graphene are the G and G' band at ~1584 cm-1 and ~2700 cm-1.  The G band 
is attributed to the E2g vibration of the G' band and is caused by a second-order two-
phonon mode.  A third feature is used to identify graphite and graphene, the D band or 
defect band at ~1350 cm-1.  Defect bands are not Raman active for pristine graphene. 
However, the feature can be observed where the symmetry is broken by edges or in a 
sample with high density defect.  The number of layers present in a given flake can be 
identified by the relative peak height and changes in the position of G and G' bands.  A 
single layer of graphene will display a G peak at 3-5 cm-1 higher than bulk graphite with 
roughly the same intensity.  The G' experiences a shift in peak intensity and shape with 
decreasing layer thickness.  Identifying bulk graphite there are 2 components to the G' 
band, the intensities of this peak is ¼ and ½ G peak.  In a single layer of graphene, the 
peak shape is a single sharp peak at low shift with an intensity that is 4 times that of the G 
peak.202  
 
2.5.3 Noncovalent π-π Interactions   
The ability of aromatic compounds to undergo aggregation is not easily explained 
by van der Waals attractions.  This interaction of π systems is an important phenomenon 
which has been evaluated by a number of theoretical and experimental studies.209-218  π-π 
interactions and π stacking are of great importance to a number of phenomena such as 
molecular recognition, as the interactions between aromatic rings that stabilize the DNA 





rings in DNA,220,221 packing of aromatic molecules in crystals,222 complexation in many 
host-guest supramolecular complexes,223-228 and porphyrin aggregation.229-232   
The simplest example of a π-π interaction of an aromatic system is the formation 
of a benzene dimer.233  The possible arrangements of a dimeric aryl system are the π-π 





Sandwich T-Shaped (1)  T-Shaped (2)  Parallel displaced 
 
Figure 13. Orientations for the π-π interaction between the benzene dimer.217,234  
 
A perfect face-to-face stacking, or sandwich, of nonpolar aromatic rings is clearly 
repulsive based on π-π electron interactions.  One π system will repel the other and the 
van der Waals attractions are not strong enough to stabilize this arrangement.  Sinnokrot 
and Sherrill showed that all substituted benzene sandwich dimers bind more strongly than 
the benzene dimer regardless whether the substituents are electron donating or electron 
withdrawing.235  The T-shaped orientations bind more or less favorably depending on the 
substituent.236  Aromatic rings that are parallel displaced are stabilized by an electrostatic 
attraction between the positively charged σ framework with the negatively charged π 





dependent upon electrostatic, dispersion, induction and exchange-repulsion contributions, 
represented by Equation 1.  
 
𝐸total = 𝐸electrostatic + 𝐸induction + 𝐸dispersion + 𝐸repulsion  Eq. 1 
 
The electron donor-acceptor model is one method that has been used to explain π-
π molecular interactions.  Electron donor-acceptor complexes, also called charge transfer 
complexes, are complexes in which the molecules of the starting materials remain intact 
and noncovalent interactions hold the molecules together.  Donor molecules such as 
aromatic hydrocarbons, aromatic amines, and alkenes may donate a pair of electrons in a 
π orbital of a double bond or aromatic system (a π donor) to acceptor molecules such as 
picric acid,238 alkenes that contain electron-withdrawing substituents, tetrahalides,239 and 
certain anhydrides240 (π acceptor) to form these complexes.234   
The term charge transfer complex was first introduced by Mulliken.241,242  
Milliken’s aim was to define a new way to explain the weak interaction between electron 
donor and electron acceptor molecules which did not conform to classical patterns of 
covalent, ionic, and hydrogen bonding.  Although these adducts display some of the 
properties of these forms of bonding, charge transfer complexes display  changes in 
physical properties such as solubility and diamagnetic and paramagnetic susceptibility 
relative to the parent compounds.242  One feature of charge transfer complexes is that the 
association constant of the complex decreases with increasing temperature.243  Mulliken’s 





consistent with an electron donor, D, and electron acceptor, A, involved in a resonance 
with a transfer of charge from D to A as depicted in Equation 2:244,245 
 
𝐷 + 𝐴 ⇿  𝐷+𝐴− ⇿ 𝐷+ + 𝐴−   Eq. 2 
 
In these types of complexes interactions occur between the filled bonding orbital 
of the donor with the unfilled anti-bonding orbital of the acceptor.246  The high energy of 
the bonding orbital is reduced while the relatively low energy of the anti-bonding orbital 
is raised leading to a net stabilization with simultaneous transfer of negative charge from 
donor to acceptor, indicated in Figure 14.246   
 
 
Figure 14. Formation of a new bonding molecular orbital by combining reactant HOMO 
and LUMO.247 
 
Charge transfer complexes have been incorporated into an array of applications 
most notably in the field of electronics, magnetics, and optics owing to the stability and 
intriguing electronic structures of these materials.248-253  Charge carrying polymeric 





electron-withdrawing or electron-donating substituents have been evaluated for the 
ability to tune the band gap energy at the molecular level for the development of the next 
generation of electronics.254-257  Charge transfer complexes that are formed in the reaction 
of electron donors with acceptors containing nitrogen, sulfur, oxygen atoms have 
attracted considerable attention.258-262  Through these weak interactions, the electronic 
structure can be tuned to control the type and concentration of charge carriers.263-267   
Graphene has been shown to form charge transfer complexes with both electron donor 
and acceptor molecules.263-265,268,269  
Graphene exhibits high electron mobility, quantization of the conductivity and a 
zero-energy anomaly in the quantum-Hall effect,270-272 which have led to the evaluation 
of graphene as one of the most promising materials in the future development of 
nanoelectronics.273  A crucial prerequisite to the development of graphene-based 
electronic devices is the ability to control the type and concentration of its charge 
carrier.237  
Graphene can be doped to form charge-transfer complexes by adsorption of donor 
or acceptor molecules.  Most organic electron donor and acceptor molecules absorb on 
graphene surface via π - π stacking, as seen in the schematic in Figure 15.274  This type of 
noncovalent π –π molecule/surface interaction is generally non-destructive and does not 
perturb the sp2 hybridization of graphene.274  Because this interaction does not disrupt the 
hybridized structure the superior electronic properties of graphene have been found to 
remain intact.275  Chen et al. doped the graphene surface using a strong electron acceptor, 





calculations were used by Sun et al. to evaluate the coadsorption of graphene with 
tetrathiofulvalene (TTF), TCNQ, and F4-TCNQ.273  Voggu et al. used Raman 
spectroscopy to investigate TTF which is an electron donor and tetracyanoethylene 
(TCNE) which is an electron acceptor.277  It was observed that the G-band progressively 
broaden with increasing concentration of TTF while the band became sharper with 
increasing concentration of TCNE.  Interaction with both TTF and TCNE led to 
broadening of the G-band.  The position of the 2D-band was also affected by interaction 
with TTF and TCNE.  Generally the intensity of the 2D-band decreased significantly with 
increasing concentration of either TTF or TCNE.  The ratio of intensities of the 2D-band 
and G-band decreased with an increase in TTF or TCNE concentration providing a means 
for carrier titration in the charge transfer system.  Finally, the intensity of the D-band 
increased on interaction with TTF or TCNE. 
 
 
Figure 15. Schematic top view of optimized adsorption structure of TCNE at high 
coverage. The black sticks represent the honeycomb structure of graphene, the small 







Evaluation of the doped electronic structure is needed to ascertain the extents of 
graphene-based electronics tuning.  Refat et al. used UV-vis and IR spectroscopy to 
investigate complexes of highly fluorescent bis-1,8-naphthalimide dyes, bis(N-ethyl-1,8 
naphthalimide)amine and bis(4-chloro-N-ethyl-1,8-naphthalimide) amine with picric acid 
(PA), chloranilic acid (CLA), tetracyanoquinodimethane (TCNQ) and 
dichlorodicyanobenzoquinone (DDQ) π-acceptors.278  In solution the donor-acceptor 
complexation displayed charge transfer formation in the UV-vis spectrum showing batho- 
or hyp-sochromic shifts, an increase in the intensity of the absorption band or appearance 
of new absorption bands.  The IR spectra bands of the solid charge transfer complexes 









NASA Langley Research Center provided PETI 298 resin used for the processing 
and characterization of graphite/graphene nanocomposites.  PETI 298 was formulated 
from symmetrical 2,3,3΄,4΄-biphenyltetracarboxylic dianhydride (s-BPDA), 1,3,-bis(3-
aminophenoxy)benzene (1,3,3-APB), 3,4΄-oxydianliline (3,4΄-ODA) and a PEPA end-
cap.  Resin was used as provided for melt mixing and processing purposes.  Four grades 
of graphite were purchased from Asbury Graphite Mills, Inc. (Asbury, New Jersey) and 
used as received.    
 





Particle Size  Production 
3775 20 - 25 50-800 μm diam. 
1 – 50 μm thick 
Natural Surface 
Enhanced Flake 
3160 < 1 - 2 90 % below 18.13 μm 
50 % below 8.01 μm 
Natural Flake 
4827 225 - 275 90 % below 4.41 μm 
50% below 1.64 μm 
Synthetic 
TC307 325 - 375 90 % below 5 μm 







3.2 Dry Mixing of Graphite with PETI-298 Resin with Graphite 
Samples ranging from 0.2 to 10 wt % loading were prepared for comparison of 
filler/reinforcement effects.  PETI 298-graphite samples were mixed by simple shaking in 
a sealed plastic container for several minutes.  Table 2 gives the masses of PETI 298 and 
graphite used along with their corresponding % loadings. 
 
Table 2. Mass of PETI 298 and Asbury Graphite Grades 3775, 3160, 4827, TC307 Mixed 
for this Study 
 
3.3 Melt Mixing PETI-298 with Graphite 
A Hakka Rheocord 90 mixer with sigma blade attachments was used to intimately 
mix the PETI 298 and graphite by a combination thermal and mechanical energy.  The 66 
g sample previously prepared by dry mixing was added to the mixing bowl over a 5 min 
loading span.  An initial temperature of 140 °C was used and mixing was allowed to 
continue for an additional 15 min with a mixing rate of 40 rpm.  During the mixing 
process the temperature increased to an average 176 °C. Upon completion of mixing 




Mass of PETI 
298 (g) 
65.868  65.670  65.538  65.340  64.020 62.700 59.400 52.800 
Mass of Graphite (g)     0.132   0.330    0.462   0.660    1.980  3.300 6.600 13.200 





samples were cooled to room temperature, recovered, and stored in sealed containers for 
further analysis.  The temperature and torque values were recorded over the experimental 
period.  
 
3.4 Melt Rheology    
Rheological characterizations of all samples were measured on a TA Instruments 
AR G2 rheometer.  Melt mixed samples were powdered mechanically in a mortar and 
pestle.  Samples were prepared by pressing 1.0 g of sample into 25 x 1 mm disc under 21 
MPa of pressure for three minutes in a steal dye.  Disks were inserted into the AR G2 
between parallel 25 mm disposable aluminum plates for measurement.  Measurement 
conditions were determined from prior experimentation.   Dry mixed and melt mixed 
samples were measured with a temperature ramp rate of 5 °C/min from 50 to 450 °C 
under a 20% applied strain and oscillating at 6.283 rad/sec.  All data was processed using 
TA instruments data analysis software.  
 
3.5 Rheological Measurement of Viscoelastic Behavior   
Initially, strain sweep experiments were performed from the initial strain value of 





linear viscoelastic region of the samples.  Storage modulus (G') and loss modulus (G'') 
were recorded as a function of shear strain (γ).  
In frequency sweep tests, melt mixed samples pressed into 25 mm diameter plates 
were preconditioned at 260 °C for 5 min.  Following equilibration, a small amplitude 
oscillatory stress was applied to the samples.  Resulting strain, G', G'', and dynamic 
viscosity (*η) were measured as a function of angular frequency (ω) in the range of 0.05 
to 100 rad/sec at a 20% strain value in the linear viscoelastic region.   
 
3.6 Thermogravimetric Analysis (TGA)  
Melt mixed samples of PETI 298 and PETI 298/graphite, 5 to 10 mg, were 
weighed into 57 mm aluminum dishes and cured in a Vulcan 3-1750 Ney programmable 
static oven.  Samples were initially heated to 288 °C and held for 10 minutes to allow 
complete liquefaction and even dispersal of material into the sample dish.  The 
temperature was then increased to 371 °C and held for two hours.  Thermogravimetric 
Analysis (TGA) was carried out on cured PETI and PETI- graphite/graphene specimen 
using a TA instruments Q50 series TGA.  Samples of 5 to 10 mg were loaded onto a 
platinum sample pan and suspended below a microbalance under air or nitrogen.  
Samples were heated at 5 °C/ min from room temperate to 1000 °C.  Analysis was then 






3.7 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) was carried out using a TA instruments 
Q2000.  Samples of 5 to 7 mg are loaded into hermetically sealed aluminum pans and 
crimped for a hermetic seal. 
PETI 298 and PETI 298-graphite samples prepared as describe where 
characterized by DSC to determine the pre-cure Tg, post-cure Tg, and measure the 
kinetics of cure using a TA instruments Q2000 under nitrogen.  Pre-cured Tgs were 
determined by heating samples at 9 oC/min from 50 to 450 °C and recording the heat 
flow.  Tg was determined as the inflection point of heat flow as a function of temperature.  
Post-cured Tgs were determined by initially heating samples to 371 °C with an isothermal 
hold for 180 min.  Samples were then rapidly quenched at 25 oC/min to room 
temperature.  The sample was then heated again at 20 °C/min to 400 oC, again Tg was 
taken at inflection point of heat flow curve.  Kinetic data was obtained per the ASTM E 
698-05 method using heating rates of 3, 5, 7, and 9 °C/min from 50 to 450 °C.  The 
activation energy, Ea, for the neat PETI 298 resin and PETI 298/graphite/graphene mixed 
samples were obtained by construction of an Arrhenius plot using an Excel worksheet. 
 
3.8 X-Ray Diffraction 
X-Ray powder diffraction data was collected using a Panalytical Empyrean X-ray 





were grounded into fine powders and loaded into a circular sample holder or placed on a 
flat sample stage careful not to create unintended orientation.  Diffractograms were 
reported from 10 to 45° (2θ) at a scan rate of 0.05° counting time of 40 sec/step.  
Analysis of data was conducted using X’Pert Highscore software for the denotation of 
peak position and d-spacing.  
 
3.9 Cured PETI 298/ PETI 298-Graphite Composites  
Cured samples were produced for mechanical and thermal oxidative analysis by 
placing 5. g of previously melt mixed samples into a 57 mm aluminum dishes and heated 
in a Vulcan 3-1750 Ney programmable static oven.  Samples were initially heated to 288 
°C and held for 10 minutes to allow complete melt and even dispersal of material into the 
sample dish.  The temperature was subsequently increased to 371 °C and held for two 
hours. 
 
3.10 Thermomechanical Testing of Cured Composites 
Dynamic Mechanical Analysis was carried out using a TA instruments AR-G2 
system with a rectangular geometry attachment.  Samples were cut to geometry 
specifications, not to exceed 15 mm in width and 45 mm in length.  Thicknesses of 





instrument specifications for centering samples.  Temperature ramps of 5 °C/min were 
conducted from 50 to 500 °C.  G', G'', and Tan δ were recorded and analyzed by way of 








RESULTS AND DISCUSSION  
 
4.1 Overview  
Previously Mintz et al. have demonstrated the ability to debundle and 
homogeneously disperse carbon nanotubes (CNT) and carbon nanofibers (CNF) 
throughout PETI 330 resin using melt processing.279-281   These PETI/CNT 
nanocomposites exhibited improved electrical conductivity, mechanical properties, and 
resistance to moisture.  Graphene/PETI nanocomposites are another PMC of substantial 
interest.  Graphene has been reported to significantly improve the mechanical properties 
of nanocomposites compared carbon nanotubes, reportedly due to its high specific 
surface area and two dimensional planar structure providing enhanced polymer-
nanofillers adhesion.282  Although graphene is not as readily available as CNTs, graphite 
is readily available and may be a source for graphene formation under appropriate 
processing conditions.  Based upon the ability of graphene to form strong charge transfer 
complexes with aromatic systems containing either donor and accepter groups,283 and 
molecular simulation that predicted the formation of charge transfers complexes between 
PETI 298 components and graphene,284 it was anticipated that the thermal and 
mechanical energy on graphite imparted during high torque melt mixing would facilitate 





shearing of graphite with adhesive tape by Geim and Novoselov.134  
 In this work bulk graphite was incorporated into PETI 298 by high torque melt 
mixing and cure properties of the corresponding composite studied by melt rheology and 
DSC, TGA, and DMA.     
 
4.2 Melt Mixing of PETI 298 with Graphite 
Samples of graphite and PETI 298 were added into a screw-capped jar and shaken 
by hand for 5 min at room temperature.  It was observed that the graphite dispersed 
throughout the pale yellow PETI 298 powder and the bulk density of the mixtures 
decreased with increasing graphite loading.  The presence of the graphite could be 
identified by the greyish tint of the sample following addition 0.2 wt % graphite.  
Increased loadings of graphite caused a steadily decreasing appearance of the original 
pale yellow PETI 298 and the samples took on the appearance of graphite.  Following 
melt mixing, no distinct graphite or PETI 298 particles could be observed and the 
samples exhibited a uniform dark gray to black color as the graphite loading was 
increased, indicating a uniform dispersion and distribution of the filler throughout the 
composite.  The samples changed from dry free flowing powders to large smooth glossy 
solid masses upon melt mixing.  The solids were broken up upon removal from the melt 
mixer.  Neat PETI 298 was also melt mixed for comparison with as received resin and the 
composites.   
Figure 16 shows a representative torque curve generated during the melt mixing 





mixing time, the temperature of the mixing bowl increased from 140 to ~178 °C, 
indicating that part of the energy imparted during melt mixing was dissipated as heat.  
Loading spikes were observed upon the addition of the sample to the mixing bowl with 
multiple spikes attributed to material that became temporally trapped in the loading chute 
during addition.  In each case, the sample reached an equilibrium, steady state, torque and 
temperature during the mixing process.   The steady state has been defined as the point at 
which the torque change is less than 2% over a twenty second period.  The steady state 
torque was determined to vary with graphite loading and the type of graphite added to the 
PETI 298.   
 
 
Figure 16. Melt mixing torque curve for 1 wt% 4827 grade graphite. 
 
The mixing energy during melt mixing can be calculated by integrating the torque 




































































































variation of mixing speeds altered the resulting torque generated during melt mixing 
PETI 298 with graphite and PETI 330 with carbon nanotubes, respectively.285,286  Thus, 
all melt mixing was carried out at 40 RPM with an initial mixing bowl temperature of 
140 oC.  
 
Mixing Energy = ∫ (Τq * s) Eq. 3 
 
Figures 17-20 give the torque vs. time curves generated during melt mixing of 
PETI 298 with Asbury graphites, 3160, 3775, TC307, and 4827, respectively.  Each 
figure gives a plot of the torque curve vs. time as measured, figure a, to allow comparison 
of torque vs. loading and a plot with the torque curves offset vertically to allow 
comparison of the shape of the loading spikes at different loadings, figure b.  The torque 
curves generated vary with increasing loading graphite; in each case the steady state 
torques in higher for the composite than for the neat PETI 298.  Overall, increasing the 







(a)   
 
(b)  
Figure 17. Torque measurements taken during the melt mixing process 3160 Graphite 
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Figure 18. Torque measurements taken during the melt mixing process 3775 Graphite 
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Figure 19. Torque measurements taken during the melt mixing process TC307 Graphite 
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Figure 20. Torque measurements taken during the melt mixing process 4827 Graphite 
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Figures 17 – 20 show that the steady torque varies with graphite loading during 
melt mixing with PETI 298.  It was also observed that at higher loading samples take 
longer to reach steady state torque.  This can be attributed to the decrease in bulk density 
of the shaken PETI 298 graphite mixtures as the graphite loading increased and the 
different bulk densities and surface areas of the various graphite samples used.  It was 
also observed for the 20 wt% 4827 in PETI 298 sample that it took more than 10 min 
before sufficient melting occurred for the torque to increase sufficiently to be recorded.  
This delay can be attributed to this sample having a much higher graphite content than 
the other samples and corresponding lower bulk density.  In all cases the steady state 
torque of the composites was higher than the neat PETI 298.  This is expected as the 
viscosity of a polymer filler system has been shown to be higher than the corresponding 
neat polymer.  Einstein developed Equation 4 to describe this behavior, where η is the 
viscosity of the filled polymer, ηs is the viscosity of unfilled polymer, and φ is the volume 
fraction of the filler. 287-289   
 
η = (1 + 2.5 φ) ηs    Eq. 4 
 
Figures 21 – 24 give the integrated mixing energy for the melt mixed PETI 
298/graphite composites.  In each case except the 20 wt % 4827 in PETI 298 the mixing 
energy is higher than that observed for the neat resin under the same conditions.  For 
example, the neat resin mixing energy was found to be 3,163 kJ, while the 5 wt% 





for graphites 3160, 3,775, TC307, 4827.  This increase in total mixing energy could be 
attributed to an expected increase in melt viscosity with the increasing graphite 
concentration, as predicted by the Einstein equation.288-290  It was observed that for the 20 
wt.% loading of 4827 graphite in PETI 298 that the total energy was 2,064 kJ, 
substantially less than the neat resin. This could be attributed to slippage between 
polymer matrix and filler.  Kim et al. made a similar observation of decreasing torque and 
melt viscosities with increasing loading of silica nanoparticles in poly(ethylene 2,6-
naphthalate) (PEN) matrix,291 and Cho et al. also reported a similar reduction in melt 
viscosity for organo-clay- filled nylon-6 nanocomposites using capillary rheometry.292 
 
 
Figure 21. Total energy as a function of loading for PETI 298 and PETI 298 with 


































Figure 22. Total energy as a function of loading for PETI 298 and PETI 298 with 
graphite Grade 3775. 
 
 
Figure 23. Total energy as a function of loading for PETI 298 and PETI 298 with 





























































Figure 24. Total energy as a function of loading for PETI 298 and PETI 298 with 
graphite Grade 4827. 
 
Further analysis of the torque curves generated during melt mixing allows the 
total energy to be divided into two regimes, the loading spike(s) and the steady state 
mixing energy as shown in Figure 25-28.  It was determined that the steady state energy 
made the greater contribution to the total mixing energy in all cases except 20 wt% 4827.  
Because the steady state mixing is time dependent it could be extended if necessary to 

































































45% 46% 50% 51% 49%
73% 72%






















Figure 25. Energy contributions to mixing during loading and steady state for PETI 298 
and PETI 298 with graphite 0.2 to 5 wt% Grade 3160. 
 
 
Figure 26.  Energy contributions to mixing during loading and steady state for PETI 298 
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Figure 27.  Energy contributions to mixing during loading and steady state for PETI 298 
and PETI 298 with graphite 0.2 to 5 wt% Grade TC307. 
 
 
Figure 28.  Energy contributions to mixing during loading and steady state for PETI 298 







4.3 Determining the Rheological Properties of PETI 298 and PETI 298 with 
Graphite  
 Rheology is a technique used to measure a material’s response to an applied force.  
Sir Isaac Newton was the first to evaluate this linear response to stress, which he 
expresses the viscosity of an ideal linear fluid, Newtonian fluid, by Equation 5.293,294  In 
this equation τ is the shear stress, the force applied tangentially to the sample causing 
deformation, η is the viscosity measuring the resistance to continuous deformation and γ 
is the shear rate representing the rate of change per unit time as force is being applied.  
 
τ = η γ     Eq. 5 
 
Rearrangement of Equation 6 viscosity is defined as:  
 
η = τ/γ               Eq. 6 
 
For a Newtonian fluid the viscosity for a material remains constant as a function of shear 
rate.  However, for viscoelastic materials the relationship between shear stress and shear 
rate can be nonlinear.  These materials are called non-Newtonian because their viscosity 
varies in a non-linear fashion as a function of shear rate.295  Equation 7 expresses the 






η(γ) = τ/γ              Eq. 7 
 
Rheological experiments were used to study the viscoelastic behavior of PETI 
298 as a function of strain, temperature, and strain rate.  Oscillatory rheology has been 
widely applied to determine the relationship of complex viscosity, η*, and complex shear 
modulus, G*, described by Equation 8.293,298 
 
η* = G*/ω              Eq. 8 
 
Where G* = G' (ω) + iG''(ω).  G' is the elastic modulus, solid-like behavior, and G'' is the 
viscous modulus, liquid-like behavior, of the material and ω is the angular velocity.109  
Rheology can be used to evaluate if a material is suitable for processing into 
composites by methods such as RTM by mimicking the processing conditions.  Studies 
by Criss et al. determined that PETI resins could be processed by RTM methodologies if 
the viscosity was below 2.0 Pa∙s under high shear.279   
 
4.4 Melt Rheology for Neat PETI 298  
 Chemorheology studies the viscoelastic behavior as a function of temperature of 
thermosetting systems such as PETI 298.297,298  Figure 29 gives a plot of the complex 
viscosity, η*, as a function of temperature for PETI 298 with a heating rate of 5 °C/min at 
20% strain and a 6.283 rad/s shear rate.  The viscosity curve for PETI 298 illustrates the 




























PETI begins as solid at 50 °C; 2) begins to liquefy ~160 °C; 3) fully liquefied ~280 °C, 
reaching a minimum viscosity of 0.64 Pa∙s at 304 °C; and 4) further heating resulted in a 
rapid increase in viscosity indicating the onset of cure and formation of infinite network, 
a more complete description of reaction is given below (Figure 31).  Figure 30 gives the 
corresponding plot of Gʹ and Gʺ as a function of temperature.  This plot allows 
determination of the gel point, defined as the point at which Gʹ and Gʺ crossover due to 
the formation of an infinite network.299-301  This crossover or gel point, denoted by Gc, is 
defined by the time and  temperature at which Gʹ = Gʺ where the weight average 
molecular weight diverges to infinity.302  The gel point for the melt mixed PETI 298 was 
determined to be at 352 °C at this heating rate.  Continued heating beyond the gel point 
leads to further curing of the polymer.  
 
 
Figure 29. Complex viscosity, η*, versus temperature for PETI 298, at a heating rate of 5 
°C/min, 20% strain, 6.283 rad/s. Identification of the changes occurring over the course 
of the experiment: 1) PETI begins as solid; 2) begins to liquefy; 3) fully liquefied; and 4) 







Figure 30. Plot of Gʹ and Gʹʹ vs. temperature for PETI 298 at a heating rate of 5 °C/min, 
20% strain, and 6.283 rad/s shear rate.  
 
Figure 31 gives a schematic representation of thermoset cure via chain elongation and 
cross linking.  The cure reaction begins with a reactive pre-polymer of monomers or 
oligomers (Figure 31a).  Upon heating, simultaneous chain elongation and branching 
occurs to give an increasingly more viscous material below the gel point (Figure 31b).  
Further heating leads to the formation of the gel, but incompletely cross linked network 
(Figure 31c).  Eventually, the reaction reaches the formation of an infinite network of a 
fully cured thermoset (Figure 31d).298  






































Figure 31. Schematic representation of structural development during the cure of 
thermosetting resin.303 
 
To determine what affect, if any, of the melt mixing process on the PETI 298, 
melt rheology and DSC were performed and compared to as received neat resin.  Figure 
32 shows that the melt viscosity as a function of temperature of the melt mixed PETI 298 
varies from that of the as received PETI 298.  At the onset of liquefaction, a slightly 
different character was observed as the melt mixed sample exhibited a sharper drop in 
complex viscosity (η*) vs. temperature and reached a lower minimum η* than the as 
received resin.  Table 3 gives the minimum η*, temperature at η*, and gel-point for neat 


























MM PETI 298 
resins have been designed and prepared as mixture oligomers of varying molecule mass 
to achieve a low melt viscosity taking advantage of well-known colligative properties.  
This data clearly indicates that the PETI 298 does not undergo detectible curing during 
the melt mixing process and that melt mixing produced a more intimately mixed sample 
than the as received mixture.  The steeper slope of the cure side of the rheology curve and 
lower gel point may also be a result of more intimate mixing of the PETI 298 oligomers.  
 








Figure 32. Complex viscosity, η*, for melt mixed PETI 298 (blue) and as-received PETI 
298 (red) vs. temperature from 50 to 450 °C at 6.238 rad/sec and 20% strain. 
 
Table 3. Minimum η*, Temperature at η*, and Observed Gel Points for Neat PETI 298 
PETI 298  Minimum 
viscosity, (η*)  
Pa·s 






As Received 0.68 311 372 







4.5 Melt Rheology Studies for PETI 298 Melt-Mixed with Graphite  
The use of melt compounding methodologies for the dispersion of particles in 
polymer matrices has been well documented.304-310  In this study, four different graphites 
(see Table 1) were dispersed and distributed in PETI 298 by high torque melt mixing.  
The aim of this study was to determine the effect of dispersion on viscoelastic and cure 
properties of the corresponding composites.  Figure 33 shows the complex viscosities vs. 
temperature for neat PETI 298 and PETI 298 composites with Asbury 3160 graphite 
prepared by melt mixing as described in Section 3.3.  Table 4 gives the minimum η*, 
temperature at minimum η*, temperature at Gc, and η* at 300 °C for these materials.  It 
was observed that with the incorporation of 3160 graphite to PETI 298 there was an 
incremental increase in viscosity at 0.2 and 0.5 wt.% loading.  More substantial increases 
in viscosity were observed at 0.7 wt.% and 5 wt.% loading.  At 1 wt.% it can be observed 
that there is a significant change to the melt flow character behaving quite differently 
than all other loadings.  The viscosity of neat PETI 298 and PETI 298 with graphite 
samples were also compared at 300 °C, Table 4.  The use of the Einstein equation for 
evaluating loading vs. filler requires that the data be evaluated at the same temperature.  
The trend of increasing viscosity at 300 °C followed that seen for each composite at their 
individual minimum viscosity temperatures.  However, the 1 wt.% composite showed a 
substantial increase in viscosity at this temperature, exceeding that of the 5 wt.% 
composite.  In addition to increase in viscosity with graphite loading, it was also observed 































retardation of cure and network formation.  Overall the gel point temperature increased 











Figure 33. Complex viscosity, η*, versus temperature of Neat PETI 298 and PETI 298 












Table 4. Minimum Viscosity, Temperature at Minimum Viscosity, and Observed Gel 
Points of Samples of Neat PETI 298 and PETI 298 with Asbury 3160 Graphite 





viscosity, (η*)  
Pa·s 
T (°C) at 
minimum 
viscosity (η*) 
Gc (°C) Complex 
Viscosity (η*)  
Pa·s at 300 °C 
Neat 0.60 305 349 0.61 
0.2% 0.94 304 369 0.95 
0.5% 1.16 301 371 1.16 
0.7% 3.41 280 338 3.85 
1% 5.35 288 349 23.72 
3% 3.63 285 365 4.11 
5% 18.08 280 372 22.47 
 
Figure 34 plots the complex viscosities vs. temperature for neat PETI 298 and 
PETI 298 with Asbury 3775.  Table 5 gives the minimum η*, temperature at minimum 
η*, and temperature at Gc and η* at 300 °C for these materials.  It can be seen that the 
viscosity increases significantly relative to neat resin upon addition of 0.2 wt.% 3775 
graphite. Additional noticeable viscosity increases occurred at 3 and 5 wt.%. At 300 °C 
following the initial increase in viscosity from the neat PETI 298 to the 0.2 wt.%, the 
viscosity value fluctuates between 0.2 and 0.7 wt.%. Substantial increases in viscosity 
can be seen at 3 and 5 wt.%.  Gc temperature increased by 17 °C with the addition of 0.2 
wt.% 3775. The largest increase in Gc temperature compared to the neat resin was a 27 





































Figure 34. Complex viscosity, η*, versus temperature of Neat PETI 298 and PETI 298 
with Asbury 3775 Graphite. 
 
Table 5. Minimum Viscosity, Temperature at Minimum Viscosity, and Observed Gel 
Points of Samples of Neat PETI 298 and PETI 298 with Asbury 3775 Graphite 





viscosity, (η*)  
Pa·s 
T (°C) @ 
minimum 
viscosity (η*) 
Gc (°C) Complex 
Viscosity (η*)  
Pa·s at 300 °C 
Neat 0.60 305 349 0.61 
0.2% 1.62 298 366 1.63 
0.5% 1.37 300 375 1.37 
0.7% 1.82 290 375 1.91 
1% 1.79 290 376 1.91 
3% 6.15 280 375 7.40 






Figure 35 plots the complex viscosities versus temperature for neat PETI 298 and 
PETI 298 with Asbury TC307 graphite prepared by melt mixing as described in section 
3.3.  Table 6 gives the minimum η*, temperature at minimum η*, and temperature at Gc.  
It can be seen that the viscosity increase at 0.2, 0.5, and 0.7 wt.% are similar to one 
another. A noticeable increase in viscosity occurs at 1 wt.% and again at 5 wt.%. At 300 
°C following an initial increase in viscosity with the incorporation of 0.2 wt.% filler, 
composite loading of 0.2 to 0.7 wt.% displayed similar viscosities. The viscosity data 
shows a significant increase in viscosity occurring at 1 and 5 wt.%.  Gc temperature 
increases by 24 °C upon addition of 0.2 wt.% TC307 to the PETI resin.  The Gc 
temperatures continue to increase with increased loading on TC307 graphite in PETI 298 
resin. Overall, the Gc temperature increased from 349 °C for the neat resin to 382 °C for 
the 5 wt.% TC307 graphite in PETI 298.    
 
 
Figure 35. Complex viscosity, η*, versus temperature of Neat PETI 298 and PETI 298 
with Asbury TC307 Graphite. 





























Table 6. Minimum Viscosity, Temperature at Minimum Viscosity, and Observed Gel 
Points of Samples of Neat PETI 298 and PETI 298 with Asbury TC307 Graphite 





viscosity, (η*)  
Pa·s 
T (°C) @ 
minimum 
viscosity (η*) 
Gc (°C) Complex 
Viscosity 
(η*)  Pa·s at 
300 °C 
Neat 0.60 305 349 0.61 
0.2% 1.24 296 373 1.25 
0.5% 1.06 306 362 1.08 
0.7% 1.14 302 374 1.14 
1% 2.74 302 373 2.75 
3% 2.63 296 378 2.67 
5% 13.25 294 382 13.70 
 
Figure 36 plots the complex viscosities versus temperature for neat PETI 298 and 
PETI 298 with Asbury 4827 graphite prepared by melt mixing as described in section 3.3.  
Table 7 gives the minimum η*, temperature at minimum η*, and temperature at Gc.  It 
can be seen that the minimum viscosity increased in a linear fashion up to 3 wt.%. Above 
3 wt.% it can be see that there is dramatic increase in viscosity at 5, 10 and 20 wt.%.  
Interestingly, the 1 wt.% sample displays a different behavior from the other loadings. 
Upon heating the 1 wt.% sample begins to decrease in viscosity as the sample melts 
around 290 to 300 °C the other samples reach a point where the greater is chain 
elongation and crosslinking and the cease to decrease in viscosity. On the other hand, the 


































viscosity rapidly increases as the sample cures.  At 300 °C the viscosity of the neat PETI 
298 and composite samples show an incremental increase in viscosity. Substantial 
increases in viscosity values are observed at 5, 10, and 20 wt.%.  Gc temperatures 
increase from 349 °C for the neat resin to 379 and 377 °C for the 1 and 3 wt.% samples 
respectively. Above 3 wt.% the Gc temperature of 5, 10, and 20 wt.% samples dropped 
below that of the neat resin. This could be attributed to the high viscosities of these 











Figure 36. Complex viscosity, η*, versus temperature of Neat PETI 298 and PETI 298 








Table 7. Minimum Viscosity, Temperature at Minimum Viscosity, and Observed Gel 
Points of Samples of Neat PETI 298 and PETI 298 with Asbury 4827 Graphite 





viscosity, (η*)  
Pa·s 
T (°C) @ 
minimum 
viscosity (η*) 
Gc (°C) Complex 
Viscosity (η*)  
Pa·s at 300 °C 
Neat 0.60 305 349 0.61 
0.2% 0.82 300 378 0.93 
0.5% 1.50 297 355 1.52 
0.7% 1.68 297 367 1.70 
1% 1.04 338 379 2.12 
3% 2.72 295 377 2.88 
5% 13.07 294 346 14.13 
10% 65.35 308 280 66.58 
20% 1272 291 268 1315 
 
Figure 37 and 38 compare the melt rheology, in terms of η* as a function of temperature, 
for 5 wt.% 4827 and TC307 dry mixed with PETI 298 with corresponding melt mixed 
samples, respectively.  It was observed that the dry mixed samples did not display a 
dramatic increase in viscosity compared to the corresponding melt mixed neat PETI 298.  
The lack of increasing viscosity for the dry mix sample is an indicator that there is no 
increase in surface area caused by de-stacking prior to the sample being melt mixed.  





of de-stacking of graphite leading to a large increase in surface area caused by greater 
interfacial interaction with PETI 298. 
 
 
Figure 37. Complex viscosity, η*, as a function of temperature for melt mixed and dry 
mixed 5 wt.% PETI 298 and Asbury 4827 graphite. 
 




















5% 4827 Dry Mix






Figure 38. Complex viscosity, η*, as a function of temperature for melt mixed and dry 
mixed 5 wt.% PETI 298 and Asbury TC307 graphite. 
 
It can be seen that the incorporation of graphite in PETI 298 by simply shaking 
the samples lead to little increase in melt viscosity; however, incorporation by melt 
mixing led to a dramatic increase in viscosity at the same loading.  This increase in 
viscosity could be attributed to the large increase in surface area generated as the graphite 
was de-stacked.  The reduced mobility of the polymer chains reflected by the increasing 
viscosity could be one factor contributing to cure retardation.  If the polymer chains are 
unable to rearrange freely the curing sites are less able to reorient in the manner 
necessary for the cure process to occur.        
It has been established that cure reactions of phenylethynyl groups occur via a 
thermally inducted free-radical reactions to give polyenes followed by thermally allowed 
electrocyclic reaction.95-99,311  The de-stacking of graphite to its graphene and short 




















5% TC307 Dry Mix





graphene stacks constituent could further account for the apparent retardation of the 
curing process by quenching free radicals.  Graphene has been shown to be an effective 
free radical scavenger.312-314 
The immediate effects of incorporating fillers into polymer melts are the increase 
in viscosity by interrupting the flow process and producing thixotropy.294,295  The 
properties of fillers that are of importance are concentration, size, aspect ratio, stiffness, 
strength, and specific interaction between the filler and polymer matrix.315  The Einstein’s 
equation (Equation 3) describes the viscosity of a Newtonian polymer melt filled with 
non-deformable, spherical fillers as low concentration.  The predicted viscosities by the 
Einstein equation are typically lower than the observed viscosities because the Einstein 
equation assumes no interaction between the filler and matrix.  The increase in 
experimental viscosities can be attributed to hydrodynamic interactions between the filler 
and polymer matrix.  The complex viscosities predicted by the Einstein equation were 
compared to experimental data of rheology temperature sweep experiments.  The 
viscosities for the experimental data presented in Table 8 were recorded at 300 °C.  This 
temperature was below the temperature of minimum viscosity for the neat resin and the 
resin/graphite mixtures and all samples had been exposed to the same time temperature 
history.  The density of the PETI 298 was found to be 1.0 g/cm3 and the density of the 






Table 8. Calculated and Observed Viscosity at 300 °C (Pa·s) at 20% Strain and 6.283 





















0.0 - - 0.61 0.61 0.61 0.61 
0.2 0.000886 0.61 0.95 1.63 1.25 0.93 
0.5 0.00222 0.61 1.16 1.37 1.08 1.52 
0.7 0.00310 0.61 3.85 1.91 1.14 1.70 
1 0.00444 0.61 23.72 1.91 2.75 2.12 
3 0.0136 0.63 4.11 7.40 2.67 2.88 
5 0.0228 0.64 22.47 29.19 13.70 14.13 
10 0.0469 0.68 - - - 66.58 
20 0.0996 0.76 - - - 1315 
 
 The experimentally observed data is determined to be drastically higher than the 
values predicted by the Einstein equation.  Experimental data for the dry mixed samples 
presented in Figure 37 and 38 also show a significant increase in viscosity in comparison 
to Einstein theoretical values however these values remain drastically lower than that of 
the melt mixed samples.  These variations between the theoretical calculations can be 
attributed hydrodynamic interactions between the filler and the polymer melt.  Batchelor 
developed an extension to the Einstein equation to take into account the hydrodynamic 
interactions between small particles, although not nanoparticles, in close proximity to one 
another in a polymer melt.320  Equation 9 illustrates Batchelor’s extension of Einstein’s 
equation. 
 






 This equation has been shown to account for micron size filler interactions up to φ 
= 1.320  Table 9 gives the calculated viscosities for PETI 298/graphite mix based upon 
Batchelor equation assuming Newtonian behavior.  
 
Table 9. Calculated Batchelor Theoretical Viscosity 
Filler (wt.%) Volume Fraction (φ) Batchelor Model (η) (Pa·s) 
0.0 - - 
0.2 0.000886 0.61 
0.5 0.00222 0.61 
0.7 0.00310 0.61 
1 0.00444 0.62 
3 0.0136 0.63 
5 0.0228 0.65 
10 0.0469 0.69 
20 0.0996 0.80 
   
 Einstein and Batchelor developed models to predict the increase in viscosity when 
particles are dispersed Newtonian fluids at low shear; however, in developing their 
models they assumed spherical or near spherical particles.  Much more recently Sabzi et 
al. developed a model to predict the increase in viscosity for the incorporation of 
nanoplatelet fillers assuming disk shaped particles by using equations 10 and 11.321   
 
𝜂 = 𝜂𝑂(1 + ⌊𝜂⌋𝜑 + 𝐶2𝜑








(𝛼 − 1) − 0.628 (
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Where ηo is the viscosity of the polymer matrix, [η] is the is the intrinsic viscosity, and φ 
is the volume fraction of the filler and C2,is the coefficient describing the two-particle 
interactions which Sabzi et al ignored.  In Equation 11 α is the aspect ratio of the filler 
particles.  Using the experimentally measured viscosity of the 0.5 and 5.0 wt% 
composites equation 11 was used to calculate the aspect ratio of the corresponding filler 
assuming a disk.  Table 10 summarizes the aspect ratios of the platelets for dry mixed and 
melt mixed samples.  The aspect ratio of 1 found for the 0.5 wt% loading of 3160 and 
TC307 in dry mixed samples corresponds to a spherical or near spherical particle.  It can 
be seen that the melt mixing led to a substantial increase in the aspect ratio of the filler 
relative to the corresponding simply shaken materials, which leads to the de-stacking of 
the graphite to give high aspect ratio short graphene stacks.       
 
Table 10. Calculated Platelet Aspect Ratio for the Filler in Dry Mixed and Melt 
Mixed Samples of Graphite/PETI298 Using Equation 11 
Filler 
Aspect Ratio 
Dry Mix Melt Mix 
0.5 wt% 3160 1 600 
0.5 wt% 3775 240 850 
0.5 wt% TC307 1 500 
0.5 wt% 4827 150 1000 
5 wt% 3160 - - 
5 wt% 3775 25 2840 
5 wt% TC307 58 1380 








4.6 Network Behavior of PETI 298 Graphite/Graphene Composites  
Polymer nanocomposites continue to generate interest because of the exceptional 
improvements to material properties at low filler content.  The extraordinary change to 
the physical and mechanical properties of the polymer matrix is due to the large surface 
areas of the nanoparticle which increases the interface and interphase between the 
nanoparticle and the polymer.322  Similar in structure to silicate nanoclays, exfoliated 
graphite nanoplatelets combine the layer structures of clays with the superior thermal and 
electrical properties of carbon nanotubes.323,324  Graphites as precursors to graphene 
based materials have a layered structure similar to some silicates, which have been 
widely investigated as composites fillers.325  When dispersed into a polymer matrix both 
nanoclays and graphene-base platelets exhibit similar states of dispersion depending upon 
the processing technique.  Studies of nanoclay-based composites have suggested the 
existence of three types of microstructures form from platelet dispersion: stacked (phase 







 Phase separated      Intercalated                           Exfoliated 
  (microcomposite)   (nanocomposite)                  (nanocomposite) 
 
Figure 39.  Schematic showing three morphological states, as originally suggested for 
layered silicate fillers, that are also possible with graphene-based nanocomposites.327  
 
Whereas property enhancement correlates strongly with nanocomposite 
microstructures, effective characterization of morphology is important in establishing 
structure-property relationships.  The addition of nanoparticles to a polymer results in 
higher complex viscosity (*η), storage (G') and loss modulus (G'') than for the 
corresponding neat polymer, especially in the low-frequency region.  Rheology has 
proven to be an important tool for understanding processing behavior; however, it may 
also be used to examine nanocomposite microstructures.327-329  In linear viscoelastic 
rheology experiments, the low-frequency moduli of the uncured resin may provide 
information on nanofiller dispersion.  For example, a plateau in the storage modulus (G') 
and loss modulus (G'') values, with increased filler loading, as a function of frequency is 
indicative of rheological percolation due to formation of a solid-like elastic network of 
filler particles.330  G' has been found to be more sensitive to the rheological function than 





determine percolation threshold can be used to roughly quantify dispersion in terms of an 
equivalent aspect ratio of idealized platelets.331,332  The rheological percolation values of 
the nanocomposite were determined using the power law Equation 12: 
 
𝐺′ =  𝐺𝑜(𝑣 − 𝑣𝐶,𝐺′)
𝛽𝐺′      Eq. 12 
 
where G' is the storage modulus of the composite, Go is the characteristic storage 
modulus of polymer, v is the volume fraction of filler, 𝑣𝐶,𝐺′
 is the volume fraction at the 
percolation threshold, and 𝛽𝐺′ is the critical exponent.  
 
4.6.1 Network Behavior of PETI 298/Asbury 3160 Composites  
Figure 40 gives the storage (G') and loss (G'') modulus and complex viscosity (η*) 
as a function of frequency at 260 °C and 20% strain for neat PETI 298 and the 
nanocomposites prepared from Asbury 3160 graphite and PETI 298.  All experiments 
were conducted as outlined in section 3.5.  Modulus vs. frequency trends were similar for 
neat PETI 298 and 0.2 wt.% 3160 composites.  However, the dynamic rheological data 
indicates that at loadings of 0.5 wt.% or higher, a physically exfoliated graphene/graphite 
nanoplatelet network has been formed.  The decrease in slope of G' and G'' vs. frequency 
at low frequency suggests the formation of a network structure.333  Gʺ was larger than Gʹ 
across all frequencies studied for all composite samples, indicating liquid-like behavior, 





frequency curves show shear thinning behavior for the neat resin and all composites.  
This increased shearing viscosity with increasing filler loading has been studied 
extensively in polymer-clay nanocomposites.334-340  Loiseau and Tassin showed that the 
variations of the linear complex shear modulus are governed by the state of dispersion 
and exfoliation of clay platelets.341  The 1% 3160/PETI 298 exhibits very different 
rheological behavior than the rest of the composites.  The 1 wt.% sample exhibits a 
drastically different viscoelastic behavior than the other samples. One possible 
explanation is that the 1 wt.% loading sample shows a breakdown in the polymer 
microstructure similar to that seen in the study of graphitic composites by Sabzi et 














































Figure 40. (a) Storage modulus (Gʹ), (b) loss modulus (Gʺ), (c) complex viscosity (η*) as 



























































































Figure 41. Plots of Storage modulus (Gʹ) and Loss modulus (Gʺ) vs. frequency for PETI 
298/ Asbury 3160 nanocomposites at 260 °C and 20% strain. 
 
Cole-Cole plots for the PETI 298/3160 graphite composites are shown in Figure 
42a demonstrate a dependence of Gʹ vs Gʺ as a function of frequency and loading. These 
plots are analogous to plots used in dielectric spectroscopy.  It has been demonstrated that 
plots such as this can be utilized to identify microstructural differences between filled and 
unfilled polymer systems.343-347  Near the percolation threshold polymer nanocomposites 
show a shift or change in Gʹ vs. Gʹʹ slope due to the formation of a network structure.  
Prior to reaching percolation the nanocomposite behavior is similar to that of the neat 
polymer.  Above the percolation threshold the nanofillers impedes polymer chain motion 
changing the microstructure from liquid to solid-like behavior.345,346     
In similar fashion, a Van Gurp-Palmen plot demonstrating the relationship 



























rheological percolation because of the phase angle’s sensitivity to fluid-solid transition of 
a viscoelastic fluid.348  The phase angle defines the phase difference between the applied 
strain and measured stress in an analogous manner the phase angle δ is the ratio of loss 
modulus (G'') to storage modulus (G').348,350  Variations of the phase angle with respect to 
the G* can be used to study the elastic and/or viscous dominance of the material.  A 
completely elastic material will have δ = 0˚, as the material becomes more viscous the δ 
shifts towards 90°.351,352  
Figure 42 displays Cole- Cole and Van Gurp-Palmen plots for neat PETI 298 and 
PETI 298 filled with varying loadings of Asbury 3160 graphite.  The Cole-Cole plot 
indicates a drastic change in slope occurring at 0.5 wt.% similar to that see in the Gʹ ~ ω 
plots (Figure 40).  However, the slope values in Table 11 for the Gʹ ~ ω and Gʺ ~ ω 
indicate that the samples do not fit the power law relation.  The van Gurp-Palmen plot 
displays a dominance of Gʺ over Gʹ indicating the material remains viscous throughout 
the entirety of the frequency range studied.  This viscous nature is an expected result 
since the PETI 298 system was intentionally designed to be a shearing system (mixture of 
rod shaped oligomers).  Due to the viscous nature of the neat PETI 298 resin seen in the 
Van Gurp plot, an assumption was made that the contributing factor causing the sample 
to shift towards more solid-like behavior was the incorporation of filler particles 
impeding flow.  Further, experimentation will be necessary for confirmation.  It is also 
seen once again that the 1 wt.% sample deviates strongly from the behavior of the other 
loadings.  This could be attributed to competing interaction between the PETI resin with 







Figure 42. Determination of percolation threshold concentration (a) Storage modulus (Gʹ) 
vs. Loss modulus (Gʺ) and (b) phase angle vs. complex modulus plots for PETI 298/3160 
composites at 260 oC and 20% strain.. 
 
Table 11. Change in Low-Frequency Slopes of G′, G′′ vs. ω and Cole–Cole Plot for PETI 
298/3160 Composites Evaluated Below 1 rad/s 
Sample  
Designation 
Slope of G′ 
vs ω 
Slope of  
G′′ vs ω 
Slope of  
Cole-Cole 
Plots 
Neat PETI 298 1.87 2.65 1.68 
PETI 298/3160-0.2% 1.69 2.65 1.68 
PETI 298/3160-0.5% 2.02 2.70 1.07 
PETI 298/3160-0.7% 2.07 2.81 1.06 
PETI 298/3160-1% 0.12 0.70 0.18 
PETI 298/3160-3% 2.26 2.95 0.64 













































































4.6.2 Network Behavior of PETI 298/Asbury 3775 Composites  
Figure 43 shows the dependence of storage (G') and loss (G'') modulus and 
complex viscosity (η*) on frequency for the nanocomposites of Asbury 3775 graphite 
respectively, for various graphite loadings at 260 oC and 20% strain.  Incorporation of 
3775 displays a noticeable effect on modulus with a distinctive jump in modulus value 
with addition of 0.2 wt. % loading (Figure 43a).  Additional modulus increase can be 
observed at 3 and 5 wt. %.  The 1 wt.% loading sample also acts strangely, similar to that 
seen with the 3160 graphite samples, although there is no dramatic drop in the modulus.  
It is clear that there is something significant which occurs around this loading which 
needs to be investigated further.  The change in slope suggests that there is a change in 
the microstructure and a network filler structure has formed.  The decrease of the slope 
with increase loading suggests that the material begins to move towards more solid-like 
behavior.  Slope values in Table 12 indicate that this system does not display a power law 
relationship with the Gʹ and Gʺ.344  The results of dynamic viscosity showing increased 
shear thinning behavior at high frequency.  Van Gurp plot (Figure 44) indicate that the 
sample remains viscous throughout the experiment however with increased loadings the 
samples begin to show a stronger shift towards elasticity.  The shift towards elasticity is 
an indicator that the filler has a greater interaction with the polymer with the polymer as 
the surface area increased.  At low frequency it can be seen that the filler interaction with 
the polymer slightly inhibits chain mobility but as the frequency increases these weak 


















































































Figure 43. (a) Storage modulus (G'), (b) loss modulus (G"), (c) complex viscosity (η*) as 
a function of frequency for PETI/ Asbury 3775 composites. 
 
 
Figure 44. Determination of percolation threshold concentration (a) Storage modulus (G') 










































































































Table 12. Change in Low-Frequency Slopes of G′, G′′ vs. ω and Cole–Cole Plot for PETI 
298/3775 Composites Evaluated below 1 rad/s 
Sample  
designation 
Slope of G′ 
vs ω 
Slope of  
G′′ vs ω 
Slope of  
Cole-Cole 
Plots 
Neat PETI 298 1.87 2.65 1.68 
PETI 298/3775-0.2% 2.18 2.96 1.89 
PETI 298/3775-0.5% 2.32 2.99 1.42 
PETI 298/3775-0.7% 2.48 3.14 2.77 
PETI 298/3775-1% 1.74 2.67 1.30 
PETI 298/3775-3% 2.53 2.94 0.28 
PETI 298/3775-5% 2.82 3.22 2.01 
 
4.6.3 Network Behavior of PETI 298/Asbury TC307 Composites  
Figure 45 shows the dependence of storage (G') and loss (G'') modulus and 
complex viscosity (η*) on frequency for the nanocomposites of Asbury TC307 graphite 
respectively, for various graphite loadings at 260 °C and 20% strain.  The addition of 0.2 
wt.% TC307 to PETI 298 led a distinctive jump in modulus indicating network 
formation.  Modulus vs. frequency trends were similar for 0.2, 0.5, 0.7, and 1 wt.% 
TC307 composites.  The modulus increases at 3 and 5 wt.% are indicative of having 
passed the geometrical percolation threshold.  The decrease in slope observed at low 
frequency is indicative of solid-like character.  The complex viscosity vs. frequency 
curves show an increase in shear thinning behavior for all loadings.  Slope values listed in 





















































































Figure 45. (a) Storage modulus (G'), (b) loss modulus (G"), (c) complex viscosity (η*) as 
a function of frequency for PETI/ Asbury TC307 composites. 
 
The Cole-Cole plot, Figure 46a, shows a change in slope the with the incorporation of 0.2 
wt.% TC307, indicating a change in the filler microstructure.353  The change in slope at 
low frequency appears to increase upon initial addition of graphite and begins to plateau 
as the frequency increases.  The Van Gurp plot (Figure 46b) shows that in all of the 
composites the viscous component (G'') dominated (δ = 45°; G' = G'') over the entire 
















































Figure 46. Determination of percolation threshold concentration (a) Storage modulus (G') 
vs. Loss modulus (G'') and (b) phase angle vs. complex modulus plots for PETI 
298/TC307 composites. 
 
Table 13. Change in Low-Frequency Slopes of G′, G′′ vs. ω and Cole–Cole Plot for PETI 
298/TC307 Composites Evaluated Below 1 rad/s 
Sample  
Designation 
Slope of G′ 
vs ω 
Slope of  
G′′ vs ω 
Slope of  
Cole-Cole 
Plots 
Neat PETI 298 1.87 2.65 1.68 
PETI 298/TC307-0.2% 2.43 3.20 2.80 
PETI 298/TC307-0.5% 2.25 3.17 3.10 
PETI 298/TC307-0.7% 2.63 3.20 2.83 
PETI 298/TC307-1% 2.32 2.96 1.70 
PETI 298/TC307-3% 2.65 2.96 0.48 
PETI 298/TC307-5% 2.89 2.92 1.60 
 
4.6.4 Network Behavior of PETI 298/Asbury 4827 Composites  
 The rheological properties of PETI 298/4827 graphite composites as a function of 
frequency at 260 °C and 20% strain are displayed in Figure 47.  An increase in storage 





















































 Neat PETI 298










modulus trends were similar to the 4827 graphite composites up to 3 wt.%.  As the filler 
loading increased to 5 wt.% the slope of G' became relatively flat indicating solid like 
behavior.  Further increase in graphite loading to 10 wt.% caused a distinctive increase in 
modulus across the entire frequency range.  The composites G' vs frequency plots did not 
display a power law relationship.  Slopes listed in Table 14 did not provide insight into 
the loading at the percolation threshold.  The complex viscosity vs. frequency curves 



















































Figure 47. (a) Storage modulus (G'), (b) loss modulus (G"), (c) complex viscosity (η*) as 


























































































The Cole-Cole plots for the PETI 298/4827 composites shown in Figure 48a 
demonstrate a frequency dependence of G' and G'' as a function of loading.  The Cole-
Cole plots indicate a change in the microstructure at 0.2 wt.% as demonstrated by the 
change in slope; however, this change is not accompanied by a shift in slope.  At 3 wt.% 
loading a shift in the slope occurs indicating a more distinctive change in the 
microstructure and possibly the formation of a network.  Further increase in loading was 
accompanied by a shift in the slope indicating the presence of solid-like behavior.  The 
Van Gurp plots (Figure 48b) shows the onset of elastic behavior at concentration 
exceeding 3 wt% as the plot move towards the baseline. 
 
 
Figure 48. Determination of percolation threshold concentration (a) Storage modulus (G') 













































































Table 14. Change in Low-Frequency slopes of G′, G′′ vs. ω and Cole–Cole Plot for PETI 
298/4827 Composites Evaluated Below 1 rad/s 
Sample  
Designation 
Slope of G′ 
vs ω 
Slope of  
G′′ vs ω 
Slope of  
Cole-Cole 
Plots 
Neat PETI 298 1.87 2.65 1.68 
PETI 298/4827-0.2% 2.17 3.09 0.56 
PETI 298/4827-0.5% 2.15 3.03 1.44 
PETI 298/4827-0.7% 2.51 3.35 1.04 
PETI 298/4827-1% 2.10 3.20 0.89 
PETI 298/4827-3% 2.86 3.22 1.02 
PETI 298/4827-5% 3.02 3.18 1.92 
PETI 298/4827-10% 3.12 3.28 3.40 
PETI 298/4827-20% 3.13 3.77 0.46 
 
4.7 Differential Calorimetry Studies (DSC) of PETI 298 with Graphite/Graphene  
DSC studies were conducted to determine the effect of filler loading on the pre-
cure Tg of resin and the cure reaction progress of neat PETI 298 and PETI 298 with 
Asbury graphites as a function of time and temperature.  The cure reaction was studied by 
measuring the heat evolved by the exothermic chain growth and cross-linking reactions in 
the DSC.   
Figure 49 shows the heat flow as a function of temperature for as received PETI 
298 with a 5 °C/min heating rate from 30 to 450 °C.  The exothermic peak in the upper 
curve beginning at ~326 °C is indicative of the onset of cure and reaches a maximum 
reaction rate at 367 °C, corresponding to 50% completion of cure.  Additional exothermic 
peaks were observed below 250 °C, which based on rheology studies described above are 





and stacking of polymer chains to form an organized structure in the resin, which will be 
discussed later in section 4.9.  This thermal transition was not observed in the melt mixed 
sample because this stacking of polymer chains has already been achieved during the 
melt mixing step.  However, the melt mixed sample exhibited new melting points at 
higher temperature than the exotherms, corresponding to new melting transitions.  After 
cooling at a 15 °C/min to room temperature, the sample was reheated at 20 °C/min to 
obtain the post-cure Tg, 296 °C, lower curve.  Figure 50 shows the heat flow as a function 
of temperature for neat PETI 298 following high torque melt mixing.  The curing plot 
(upper curve) displays features of two liquefaction points occurring ~214 and ~263 °C 
not observed in the as received resin.  These features appear to be melting endotherms.  
The onset of cure has shifted to lower temperature, ~324 °C, than the as received resin 
and the cure peak reaches a maximum reaction rate at 370 °C suggesting that the melt 
mixing process has produced a more intimate mixture than in the received resin.  This is 
consistent with the rheological data, described above, which indicated that the intimate 
mixture produced by melt mixing causes a decrease in the onset of cure temperature.  The 
cured melt mixed PETI 298 exhibit a 6 °C increase in the post-cure Tg relative to the as 
received PETI 298.  Lastly, it can be seen that following melt mixing the cure takes place 
over a wider temperature range, 324 – 403 °C vs. 326 - 389 °C for the as received resin 
indicated by the broadening of the exothermic peak.  The combination of the appearance 
of crystallization exotherms below 250 °C during heating of the as received resin and the 





along with experiments described below supports the formation of ordered structures, but 
not curing, in the PETI 298 as a result of the melting mixing process.       
 
 
Figure 49. DSC plot heat flow versus temperature for as received PETI 298 cured at 5 
°C/min cooled and reheated at 20 °C /min to obtain the cured Tg. 
 



























Figure 50. DSC plot heat flow versus temperature for neat melt mixed PETI 298 cured at 
5 °C/min cooled and reheated at 20 °C /min obtain post-cure Tg.
 
 
4.7.1 DSC of Graphite 3160 PETI 298 Composites 
Figure 51, the DSC heating curve of PETI 298 and PETI 298/3160 composites, 
exhibits pre-cure Tgs and exothermic peaks for neat PETI 298 resin and composites.  
Table 15 gives the pre-cure Tg, onset of cure, heat of reactions (ΔHR), and exotherm 
maximum temperature.  This data shows a shift in the pre-cure Tg to higher temperature 
relative to the neat melt mixed PETI 298 indicating a filler-polymer interaction that 
causes restriction in chain mobility.  The incorporation of Asbury 3160 graphite resulted 
in an increase in the temperature of onset of the cure reaction.  The cure peak maxima 
temperature for the composites decreased in comparison to neat melt mixed PETI 298 
resin.  Furthermore, the data shows that incorporation of 3160 leads to larger ΔHR values 
than observed for the corresponding neat resin, as summarized in Table 15, suggesting a 



























higher degree of chain elongation and cross-linking relative to neat PETI 298 or reaction 
with the filler.   
 
 
Figure 51. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 













































Table 15. The Pre-Cure Tg, Onset of Cure, Heat of reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 3160 Graphite 
 
Samples of neat PETI 298 and PETI 298 filled with 3160 graphite were cured for 
2 hr at 371 °C to allow determination of the cured Tg of the composites.  After cooling at 
a 15 °C/min to room temperature, the samples were reheated at a scan rate of 20 °C/min 
to obtain cured Tg (Figure 52).  It was observed, Table 16, that the incorporation of 3160 
graphite had no effect on the cured Tg at any loadings other than 1 wt %, where the glass 
transition temperature exhibited a 27 °C increase in temperature relative to the neat melt 
mixed PETI 298.  This drastic increase in Tg indicated that more thermal energy was 
required for segmental motion to be achieved within the polymer chains.  An increase in 
cross link density or strong interaction with filler would cause an increase in Tg such as 
this.   
5 °C/min Pre-cure Tg 
(°C) 






As Received PETI 298 124.6 326.6 158.7 367.2 
Neat PETI 298  118.3 324.7 120.1 370.4 
PETI 298/3160-0.2% 126.9 327.5 181.0 367.9 
PETI 298/3160-0.5% 130.9 333.1 159.0 368.1 
PETI 298/3160-0.7% 126.1 333.0 160.5 368.1 
PETI 298/3160-1% Not 
Observed 
336.5 123.6 370.3 
PETI 298/3160-3% 128.1 331.8 146.5 372.0 















































Figure 52. Post-cure DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 
3.0, and 5.0 wt% 3160 graphite via melt mixing, with a heating rate of 5 °C/min 
following cure schedule of 2 hr at 371 °C 
 
Table 16. Glass Transition Temperatures for Neat PETI 298 and PETI 298 Loaded with 
0.2, 0.5, 0.7, 1.0, 3.0, and 5.0 wt% 3160 at 371 °C Cure Temperature (5 °C/min Heating 









 cured Tg (°C) 























4.7.2 DSC of Graphite 3775 PETI 298 Composites 
 Figure 53 exhibits the measured pre-cure Tgs and exothermic peaks for melt 
mixed PETI 298 and PETI 298 filled with 3775 graphite.  Table 17 lists the pre-cure Tgs, 
onset of cures, and heat of reaction (ΔHR) for the processed material unfilled and filled 
with 3775 graphite.  The data indicates the composites exhibit a Tgs 3-5 °C higher than 
the neat PETI 298 suggesting an increase in cross link density or pinning by the filler.  
The onset cure temperature increased.  The larger ΔHR, exhibited by the composites 
could be due to an increase in cross link density or reaction with the filler.  At 5 wt.% 
loading the ΔHR drops below that of the neat processed resin.  The reason for this 
decreasing in ΔHR could be due to the increased viscosity observed during melt rheology 
experiments described above.  The overall cure peak maximum temperature increased by 
7 °C in comparison to the neat PETI 298 resin.  Post-cure studies indicate that the 
addition of 3775 had no effect on the post cure glass transition temperatures at all 







Figure 53. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 














































Table 17. The Pre-Cure Tg, Onset of cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 3775 Graphite 
 
4.7.3 DSC of Graphite TC307 PETI 298 Composites 
Figure 54 exhibits the measured pre-cure Tgs and exothermic peaks for neat PETI 
298 resin and PETI 298 resin filled with TC307 graphite.  Table 18 displays the effect of 
the TC307 graphite on the pre-cure Tg, onset of cure, and heat of reactions (ΔHR).  The 
data shows that the TC307 has a significant interaction in the PETI resin following melt 
mixing causing a 13 °C increase in the pre-cure Tg.  The onset of cure temperature shifts 
to higher temperature with increasing loading, reaching an increase of ~30 °C with 3 wt. 
% loading. The cure peak maxima shows a steady increase from 370 °C for the neat PETI 
298 to 384 °C for the 5 wt.% loading composite.  Filled PETI 298 samples show a larger 
level of cross-linking, with an increase of ~77 J/g seen with an addition of just 0.2 wt. %.   
5 °C/min Pre-cure Tg 
(°C) 




Cure Peak Max  
(°C) 
 
As Received PETI 298 124.6 326.6 158.7 367.2  
Neat PETI 298  118.3 324.7 120.1 370.4  
PETI 298/3775-0.2% 122.8 330.0 161.1 368.0  
PETI 298/3775-0.5% 122.8 322.8 154.4 371.2  
PETI 298/3775-0.7% 123.9 326.8 147.7 369.5  
PETI 298/3775-1% 121.1 332.8 138.0 372.1  
PETI 298/3775-3% 119.9 327.1 128.1 377.5  





































Post cure Tg temperature for 0.7 wt.% composite increased by 3 °C, all other composite 











Figure 54. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 














Table 18. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with TC307 Graphite 
 
4.7.4 DSC of Graphite 4827 PETI 298 Composites 
Figure 55 exhibits the measured pre-cure Tgs and exothermic peaks for neat PETI 
298 resin and PETI 298 filled with 4827 graphite.  Table 19 displays the effect of the 
TC307 filler on the pre-cure Tg, onset of cure, and heat of reactions (ΔHR).  Particle 
loading studies on the processed materials show that the pre-cure Tgs were 7-9 °C higher 
than the neat mixed material, show sufficient pinning of the polymer chains.  The onset 
of cure and the cure peak max showed a steady increase with increased loading.  The 
onset of cure relative to the neat PETI 298 resins increased from 325 °C to 354 °C for the 
20 wt.% composite. The cure peak max increases from 370 to 389 for the neat PETI 298 
and 20 wt.% composite.  In addition, the ΔHR increased relative to the neat resin up to 0.7 
5 °C/min Pre-cure Tg 
(°C) 






As Received PETI 298 124.6 326.6 158.7 367.2 
Neat PETI 298  118.28 324.73 120.10 370.4 
PETI 298/TC307-0.2% 131.40 325.81 197.5 371.0 
PETI 298/TC307-0.5% 133.45 339.47 128.1 377.1 
PETI 298/ TC307-0.7% 132.97 344.33 158.7 380.3 
PETI 298/ TC307-1% 131.98 339.62 117.5 380.2 
PETI 298/ TC307-3% 130.69 354.45 139.45 385.0 





wt.% loading. Above 1 wt.% the measure ΔHR is close to or below the value of the neat 
PETI 298. Although the data suggested that the degree of crosslinking of 10 and 20 wt.% 
4827-PETI 298 composites had been reduced relative that of the neat PETI 298, Tg 
temperatures have increased by 6 and 3 °C (see Appendix B Figure 83-94 and Table 31-




Figure 55. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 








































Table 19. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 4827 Graphite 
 
  
It can be see that as the surface area of the graphite increases there is less 
fluctuation of the onset and cure peak max temperatures.  The highest surface area 
graphite, 4827, was the only composite to display a trend of increasing onset and cure 
peak max temperatures with respect to increasing loading.    
 
4.8 Activation Energy of Cure of PETI 298 Composites 
Dynamic multi-heating rate DSC experiments were carried out to determine the 
apparent activation energy for the cure of composites of PETI 298 utilizing the methods 
of Kissinger354 and Ozawa et al.355-358  These non-isothermal multi-heating rate methods 
are based on the assumption that the reaction model is not dependent on temperature or 
5 °C/min Pre-cure 
Tg (°C) 






As Received PETI 298 124.6 326.6 158.7 367.2 
Neat PETI 298  118.3 324.7 120.1 370.44 
PETI 298/4827-0.2% 125.0 334.7 144.2 374.47 
PETI 298/4827-0.5% 125.0 337.2 161.3 375.93 
PETI 298/4827-0.7% 123.3 339.5 162.0 378.82 
PETI 298/4827-1% 125.1 343.5 123.1 378.54 
PETI 298/4827-3% 123.3 353.6 120.1 385.96 
PETI 298/4827-5% 126.1 348.1 156.3 385.51 
PETI 298/4827-10% 125.6 355.7 129.5 388.96 





heating rate.  These methods assume that the exothermic cure peak is indicative of the 
degree of conversion i.e. 50% peak area corresponds to 50% of the reaction at any 
heating rate.  Activation energies were determined for both PETI 298 and the composites 
using nonisothermal multi-heating rate data using the Ozawa and Kissinger models as 
described below. 
The Kissinger and Ozawa methods utilize a series of dynamic scans of constant 
heating rates (β), to ascertain the activation energy for conversion.  Kissinger developed 
one of the first models to successfully relate the temperature of the exotherm peak (Tp) in 












    Eq. 13 
 
The activation energy is calculated from the slope of the best fit line from the plot 
of ln (β/Tp) vs. Tp
-1.  In a similar fashion, the Ozawa-Flynn-Wall method utilizes the 
slope from the best fit line from the plot of log β vs. Tp
-1 to estimate activation energy 
















This means that the time-dependent temperature to reach a certain degree of 
conversion is measured as a function of the heating rate.  The chosen methodologies for 
evaluation, Kissinger and Oswald-Flynn-Wall methods, requires measurement of DSC 
curves at 3 or more different scan rates.  Temperature at the exothermic peak max, 
indicative of 50% conversion was used to construct Arrhenius plots to calculate the 
apparent activation energy.  Figure 56 is a representative DSC thermogram for the 
dynamics scans for neat PETI 298.  Tables 20 and 21 give the temperatures at the peak 
maxima.  Thermograms and temperature tables used to construct analogous linear fit 
Arrhenius plots for filled resins can be located in Appendix B Figure 48-149 and Table 
46-97.   
 
 
Figure 56. DSC thermograms for neat PETI 298 conducted at 3, 5, 7, and 9 °C/min 
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Based on the Kissinger method, Equation 13, an Arrhenius plot was constructed, 
Figure 57a, by plotting ln (β/T2) versus 1/T.  Likewise, using the Ozawa-Flynn-Wall 
method, Equation 14, an Arrhenius plot was constructed by plotting log(β) versus 1/T, as 
depicted in Figure 57b.  An analogous process was used to generate plots for the other 
composites studied, this data can be found in Appendix B Figure 48-149.  From these 
plots the slope of the best fit was be used to estimate the activation energy using the 









632.93 0.0015800 3 -11.802 
643.32 0.0015544 5 -11.324 
648.96 0.0015409 7 -11.005 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
632.93 0.0015800 3 0.477121 
643.32 0.0015544 5 0.69897 
648.96 0.0015409 7 0.845098 











































2)/d(1/T2)]R    Eq. 15 
Ea = -[d(logβ)/d(1/T









Figure 57. Arrhenius fit plot for activation energy calculations for neat PETI 298 using 
dynamic data from Kissinger (a) and the Ozawa-Flynn-Wall methods (b). 
 
The activation energies for the cure the PETI 298 loaded with graphite, seen in 
Tables 22-25, increased relative to neat PETI 298.  The apparent activation energies 
calculated by the Ozawa method consistently predicted higher values than the Kissinger 
method; however, variations between the methods were less than 4% for all samples.   
It was observed that the Ea was higher for the composites incorporating the lower 
surface area graphites.  The substantial increase in calculated activation energies 
appeared to diminish with increasing surface area at low wt.% loadings.  As observed 
above the additions of graphite via melt mixing lead to an increase in viscosity which can 





radical scavenger, the quenching of free radicals could also cause an increase in the 
apparent activation energy.312-314  
 
Table 22. Apparent Activation Energy for the Cure of Neat PETI 298 and PETI 298 
Loaded with Asbury 3160 via Kissinger and Ozawa-Flynn- Wall Methods 
 Ea, kJ/mol 
Kissinger 




Neat PETI  298 120.4 0.971 124.8 0.966 
PETI 298/3160-0.2% 170.4 0.997 162.0 0.997 
PETI 298/3160-0.5% 183.9 0.997 185.0 0.998 
PETI 298/3160-0.7% 154.1 0.993 156.7 0.994 
PETI 298/3160-1% 125.4 0.997 129.4 0.997 
PETI 298/3160-3% 171.7 0.995 173.5 0.995 
PETI 298/3160-5% 143.7 0.998 146.9 0.998 
 
Table 23. Apparent Activation Energy for the Cure of Neat PETI 298 and PETI 298 
Loaded with Asbury 3775 via Kissinger and Ozawa-Flynn- Wall Methods 
 Ea, kJ/mol 
Kissinger 




Neat PETI  298 120.4 0.971 124.8 0.966 
PETI 298/3775-0.2% 161.0 0.999 163.3 0.999 
PETI 298/3775-0.5% 161.1 0.962 163.3 0.966 
PETI 298/3775-0.7% 159.0 0.999 161.3 0.999 
PETI 298/3775-1% 123.0 0.993 127.1 0.994 
PETI 298/3775-3% 197.1 0.974 197.7 0.976 






Table 24. Apparent Activation Energy for the Cure of Neat PETI 298 and PETI 298 
Loaded with Asbury TC307 via Kissinger and Ozawa-Flynn- Wall Methods 
 Ea, kJ/mol 
Kissinger 




Neat PETI  298 120.4 0.971 124.8 0.966 
PETI 298/TC307-0.2% 144.1 0.995 147.2 0.996 
PETI 298/TC307-0.5% 132.5 0.998 136.3 0.999 
PETI 298/TC307-0.7% 148.2 0.997 151.3 0.997 
PETI 298/TC307-1% 152.3 0.993 155.2 0.998 
PETI 298/TC307-3% 149.8 0.998 152.9 0.998 





Table 25. Apparent Activation Energy for the Cure of Neat PETI 298 and PETI 298 
Loaded with Asbury 4827 via Kissinger and Ozawa-Flynn- Wall Methods 
 Ea, kJ/mol 
Kissinger 




Neat PETI 298 120.4 0.971 124.8 0.966 
PETI 298/4827-0.2% 125.0 0.992 129.0 0.994 
PETI 298/4827-0.5% 120.6 0.999 125.0 0.999 
PETI 298/4827-0.7% 151.0 0.995 153.9 0.996 
PETI 298/4827-1% 128.8 1.000 132.8 1.000 
PETI 298/4827-3% 164.0 0.983 166.3 0.985 
PETI 298/4827-5% 176.0 0.990 177.7 0.991 
PETI 298/4827-10% 150.4 0.997 153.5 0.997 
PETI 298/4827-20% 161.0 1.000 163.6 1.000 
 
4.9 Wide Angle X-Ray Diffraction (WAXD) of PETI 298 and PETI 298 Composites 
X-Ray diffraction was used to characterize PETI 298, the graphites used in this 
study and the corresponding composites. Graphite is known to give strong peaks in the 
XRD, and the spacing between graphite layers, d, can be readily calculated from the peak 
positions using Bragg’s law, Equation 17.  
 






The X-ray diffraction patterns of the as received graphites are shown in Figure 58.  
Each of the graphite display a strong 002 peak at 2θ = 26.6 corresponding to the d-
spacing of ~3.34 Å between the graphene sheets in graphite.359  The crystal size of these 














Figure 58. X-ray diffractograms, XRD of graphites.  
 
The natural graphites 3160 and 3775, exhibit narrower XRD peaks than the 
synthetic graphites, TC307 and 4827, indicative of larger crystal (stack) size or less 
disorder.  XRD peaks are known to broaden as the crystal size decreases.360  The broad 













presence dictates preferred orientation of (100) planes perpendicular to the sample 
plane.361  
Previous research by Mintz et al. suggested that weak peaks, just above the 
detection limit, in the XRD of PETI 298/graphite/graphene nanocomposites was 
attributed to the de-stacking of graphite to short stack and monolayer graphene.286  The 
recent acquisition of a new XRD with much higher sensitivity has allowed us to better 
characterize these materials.  
Figure 59 shows the X-Ray diffractogram of as received PETI 298 and melt 
mixed neat PETI 298.  The as received sample, Figure 59, bottom, is completely 
amorphous displaying no structure.  The top diffractogram in Figure 59 shows PETI 298 
after melt mixing.  This diffractogram exhibits weak peaks at 2θ = 18.3, 24.6, 25.4, 
and 27.9, corresponding to d-spacings of 4.85, 3.62, 3.50, and 3.20 Å, respectively.  The 
observations of these new peaks after melt mixing along with the DSC data described 






Figure 59. X-ray diffraction pattern of as received PETI 298 (bottom, red) and neat melt 
mixed PETI 298 (Top, Blue). 
 
In order to gain more insight into this structure development samples of PETI 298 
were annealed at 180, 200, and 220 C for 1 hr, conditions under which PETI 298 is 
known not to undergo cure.  These samples were then studied by XRD.  Figure 60 gives 
the diffraction pattern of the as received and annealed samples.  Weak peaks were 
observed at 2θ = 15.1, 17.2, 19.3, 20.3, 23.8, 25.4, 26.9, and 27.9.  The higher 
annealing temperature gave sharper peaks, consistent with formation of a crystalline like 
structure. These results suggest that upon heating in the solid state above Tg, but below 
the liquefaction temperature, segments of oligomer chains or oligomer chains could move 
or reorient to form some type of ordered non-covalent interactions, for example, donor 
acceptor complex formation between donors on one chain and acceptors on an adjacent 
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Figure 60. X-ray diffraction pattern of as received PETI 298 and neat PETI 298 samples 
annealed at 180, 200, and 220 °C for 1 hr. 
 
Figure 61 and 62 shows a comparison of PETI 298 melt mixed and dry mixed 5 
wt.% 3160 and 4827 respectively.  A weak peak at 2θ = 26.6 can be observed in the dry 
mixed sample corresponding to the presence of the graphite.  After the samples had been 
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Figure 61. Comparison of x-Ray diffraction pattern of 5% 3160-PETI 298 melt mixed 
and dry mixed. 
 
 
Figure 62. Comparison of x-Ray diffraction pattern of 5% 4827-PETI 298 melt mixed 
and dry mixed. 
 





















Figure 63 gives the XRD of PETI 298 composites.  The diffraction peaks of the 
nanocomposites are dominated by the polyimide phase, which is the primary phase of the 
composite.  At low loadings there is no observation of XRD peaks for graphite.  
However, as graphite loading was increased a peak began to develop at 2θ = 26.6, 
corresponding to the strong graphite peak.  The lack of a presence of the graphite peak at 
low loading could be attributed to improved interfacial interaction of the graphite with 
polymer matrix leading to better dispersion.  The development of this peak at 26.6 2θ is 
indicative of graphite. Figure 63a is the representative diffractogram of PETI 298/3160 
graphene nanocomposites showing the development of the graphite peak at 2θ = 26.6.  
Figures 63b and c show the diffractograms of PETI 298-graphene nanocomposites with 
low and high surface area graphite expanded for comparison of graphite peak 
development.  It can be seen in the low surface area 3160 sample graphite peak is 
observed at 0.5 wt.%.  In the 4827 high surface area nanocomposites, Figure 63c, it can 
be seen that the evidence of graphite being present is not observed until the 5 wt.% 
sample.  Once the graphite peak has developed the crystal size, calculated using Scherrer 
equation, ranges between 16 to 33 nm.  It is worth noting in the 20 wt.% 4827 sample the 
graphite peak becomes the dominate factor, however, the peak intensity is less than 20% 












Figure 63. X-Ray diffraction obtained for a) PETI 298-3160 graphite b) PETI 298-3160 
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A variety of graphites, including high and low surface area and natural and 
synthetic graphites, were dispersed and distributed in PETI 298, a phenylethynyl 
terminated imide resin, using high torque melt mixing.  Melt rheology and DSC studied 
indicate that the incorporation of the graphite modified the cure properties of the resin.  
The viscosity increase that occurs as a result of the dispersion and distribution via melt 
mixing of the graphite in this PETI resin far exceeds that predicted by the Einstein and 
Batchelor models and that produced by simply mechanically mixing the resin and filler.  
The dramatic increase in the aspect ratio of the filler calculated using the Sabzi et al. 
model strongly supports the de-stacking of the graphites upon high torque melt mixing in 
PETI 298.  The formation of charge transfer interactions between the PETI resin and 
graphite or graphene stacks producing a strong noncovalent interaction can further 
increase melt viscosity by increase the size and strength of the interphase produce at the 
surface of the filler.  During these studies we also observed that PETI 298 can form a 
previously unreported semicrystalline phase upon melt mixing.PETI resins such as PETI 
298 were designed to undergo shear thinning to allow melt processing and the cure into 
high Tg polyimides.  We have shown that the PETI/graphite composites also undergo 





processing by RTM at loadings below ~ 1% and still cure upon heating into produce high 
Tg polyimides; however, the cure rate is retarded relative to the neat resin.  We have also 
found via melt rheology that the composites undergo changes in microstructure as a 
function of loading and shear rate suggesting a percolation threshold at ~ 1% loading.  
This was further confirmed by Cole-Cole and Van Gurp-Palmen plots; however, the melt 
rheology data could be fit by a power law expression which would have allowed the 
percolation threshold to be precisely determined.  This may be because that power law 
model was developed for high molecular weight polymers and may not be a good model 
for oligomers such as PETI 298.   
Rheological and DSC data indicate that the filler retards the cure of the PEPA 
end-group of the resin, shifting the gelation point, onset of cure, and curing exotherm to 
higher temperature.  Furthermore, DSC kinetic studies were used to determine the 
apparent activation energy of cure, which confirmed that the addition of graphite filler 
increased apparent activation energy of the composites relative to the neat resin.  DSC 
studies also showed that the PETI 298-graphite/graphene composites exhibited greater 
heat of reaction, ΔHR, than that of the neat PETI 298 resin alone.  This would suggest a 
greater extent of cure than the unfilled system or reaction of the PETI resin with the filler; 
however, there was no increase in post cured Tg, suggesting reaction with the filler rather 
that a higher degree of crosslinking.  Reaction with the filler would also increase the filler 





While XRD did not allow us to gain insight into the microstructure of these new 
composites, we observed that upon melt mixing that the neat PETI resin forms a 
previously unreported semicrystalline phase.  The formation of this phase was further 
studied by rheology to confirm that it was not the result of resin cure and detailed DSC 
studies allowed the observation of both crystallization upon heat (cold crystallization) 








Over the last several decades, there has an increasing focus on renewability which 
has led to increasing use of ecofriendly natural fibers to replace synthetic fibers in 
polymer matrix composites.362-364  Industrial sectors such as paper, textile, construction, 
packaging, and automotive have focused on the application of new natural fiber 
reinforced composites for the development of sustainable engineering materials.364-367  In 
addition to being renewability, recyclability, and non-toxic these natural fibers also 
provide advantage such as low density, low cost, wide availability, low abrasion, high-
specific stiffness, high mechanical strength, and impart acceptable mechanical properties 
to composites that incorporate them.369-378  During the development of new advance bio-
based PMCs utilizing nanofillers derived from natural fibers many studies have sought  to 
improve the physical, mechanical, and rheological properties of these composites.370-
372,374,376,378 
Cellulose is by far the most abundant natural fibers on the planet occurring 
naturally in plants.  Cellulose has also been synthesized by algae, tunicates, and some 





has the capability reduce societal dependence on non-renewable mined and oil-based 
material for the development of different types of composites.   
Cellulose is a linear polysaccharide of glucose molecules with a ribbon-like 
assembly; the glucosic repeat unit is shown in Figure 64.  This repeat unit of this polymer 
chain is composed of two anhydroglucose units connected at C1 and C4 (1  4 linkage) 
of the adjoining ring unit through a covalently bonded oxygen creating what is defined as 
a β 1-4 glucosidic bond.372  The degree of polymerization for (C6H10O5)n  can vary from n 
= 10,000 to 15,000, where n is determined by the source material.381,382  The aggregation 
of cellulose linear macromolecules creates highly ordered structures referred to as 
nanofibrils or elementary fibers.  These elementary fibers are packed into larger units in 
the form of microfibers through Van der Waals interactions and inter- and intra-
molecular hydrogen bonding to assemble into larger cellulose fibril structures such as 
pulp fibers.  This interaction between adjacent molecules promotes parallel stacking of 
multiple cellulose chains to form a relatively stable network that gives cellulose fibers 
their high axle stiffness.  Within the cellulose fiber (Figure 64) there exist two regions 
one being the crystalline domain and the other being the amorphous domain.  It is this 




























Figure 64. Schematic of single cellulose chain repeat unit. 
 
There are five polymorphs of crystalline cellulose which have been identified and 
extensively studied; Iα, Iβ, II, III, and IV.383  Cellulose I, often referred to as natural 
cellulose, is produced by trees, other plant vegetation, tunicates, algae, and bacteria.  This 
structure is thermodynamically metastable and can be converted into cellulose II and III.  
Cellulose II is produced by regeneration methodologies (solubilization and 
recrystallization) and mercerization (treatment with aqueous sodium hydroxide).384  
Cellulose III can formed by treating Cellulose I or II with liquid ammonia.382  Thermal 
treatments of Cellulose III following ammonia treatment form Cellulose IV.  Crystals of 
Cellulose I have been reported to possess the highest axle elastic modulus, E, of the 
various cellulose polymorphs.385  Depending on the source material used to derive 
cellulose the two polymorphs of Cellulose I, triclinic (Iα) and monoclinic (Iβ), can 
coexist in various proportions; with Iβ being the dominant polymorphs found in plant cell 






6.2 Isolation of Cellulose 
The two-stage process for isolating cellulose from wood begins with the removal 
of hemicellulose, lignin, gum, and mineral matter by the Kraft process or dissolving pulp 
pretreatment.388  Following the isolation of individual wood fibers a second stage further 
separates the fibers into their micro/nanofibrils or crystalline components.  The methods 
for isolation of cellulose nanomaterials have been extensively reviewed elsewhere which 
encompass several approaches including: acid hydrolysis,388-391 enzymatic 
hydrolysis,389,390 and mechanical pulverization.388,389,391,392 
 
6.3 Cellulose Nanoparticles Particle 
As the use of renewable cellulose nanofillers has increased researchers have 
developed a variety of names to describe cellulose nanoparticles leading to some 
ambiguity and inconsistences in the denotation of particle types.  The term cellulose 
nanoparticles (CN) was used by Moon et al. to broadly identify a range of cellulose 
nanoparticles.382  Individual classification of these particles which have at least one 
dimension in the nanoscale (less than 100 nm) have been designated as microfibrillated 
cellulose (MFC), nanofibrillated cellulose (NFC), cellulose nanocrystals (CNCs), treated 
cellulose nanocrystals (t-CNC), algae cellulose (AC), bacterial nanocellulose 
(BNC/BC);382 these designations are not universally accepted making them widely 
inconsistent throughout literature.  CNCs have also been identified as cellulose whiskers 
and cellulose nanowires.  Each of these particle types possess its own characteristics of 





6.4 Mechanical Properties of Cellulose Nanoparticles 
Limited availablity of techniques for measuring these particles on a nano scale 
makes gatering information on the mechanical properties of these nanoparticles a difficult 
task.  Additionally, factors such as source material, extraction technique, crystal structure, 
percent crystallinity, anisotropy, defects, and moisture content may influence the 
measured mechanical property leading to a wide distribution of reported property values.  
Most research has focused on composite improvements based on the elastic properties of 
these nanomaterials.  The measured mechanical properties of the crystals are directionally 
dependant and most studies have focused on the more readily measured axial 
direction.403-408  Fewer studies have focused on the elastic modulus in the transverse 
directions.409-411  The mechanical properties for a number of cellulose particle types has 
been previously reported in literature.404-406,409  The mechanical stiffness of these 
nanoparticles in addition to their capability to form stable networks makes them ideal 
candidates for the reinforcement of polymers in PMCs.  CNs exhibit properties on par 
with materials such as Kevlar and steel wire, thus making CNs acceptable alternatives to 
their synthetic counterparts.412,413   
 
6.4.1 Modification of Polymer Rheological Properties with CNCs 
The addition of nanofillers to a polymer generally modifies the rheological 
properties of the resulting composite because the nanofiller, if compatible, become 





linkers leading to the development of polymer-filler network structures.414  Rheology 
provides an understanding of the influence of nanofillers on the local deformation rates of 
polymers, filler orientation, dispersions, degrees of polymer-filler interaction, and 
structure-property relationships in polymer nanocomposites.415  Furthermore, rheology 
provides insights into the processing characteristics of these materials and can help 
predict the effects of nanofillers on the final composite material properties.  
The rheological behavior of CNC polymer suspensions are strongly influenced by 
the physical and chemical properties of the polymer.  Observed phase transitions in 
suspensions of CNC are attributed to dimensions and surface properties of nanoparticles 
in addition to the overall ionic strength of the system.416-419  A few studies have utilized 
cellulose suspensions to study the rheological behavior of rod-like particles.  Chiral 
nematic behavior has been observed in easily oriented CNC solutions, displaying flow 
properties above critical concentrations similar to those of liquid crystal polymer 
solutions.  Three regions can be used to describe the flow properties of CNCs in solution.  
In the first region, at low shear rates, the viscosity of the CNC solution can be quite high 
displaying shear-thinning with increase in shear rate.420,421  A second region is reached at 
intermediate shear rates in which the nanocrystals align showing a high level of order in 
the CNCs owing to greater particle interactions.  The third region is reached at high shear 
rates where the chirality of the CNC structure breaks down into its individual nematic 
components.  Urena-Benavides et al. reported the relation of the rheological properties 





addition to shear rate.422  Tzoumaki et al. reported similar rheological behavior using 
chitin nanowhiskers similar rod-like morphology.423,424   
Investigating the rheological structure-morphology relationship of CNCs, Li et al. 
observed that suspensions gradually increase in viscosity as the concentration of CNCs 
increases based on the increase collision possibilities of particles.425  However, with 
increasing shear rate, viscosity monotonically declined over the range investigated, 
displaying typical shear thinning behavior.  The indication is that the viscosity of CNC 
suspensions is strongly dependent on shear thinning, CNC concentration, and the aspect 
ratios of nanomaterial in water.  
The addition of natural organic fibers to a given polymer should cause the 
viscosity of the resulting composite to increase with fiber loading.426,427  Determination of 
the dependence of viscoelastic behavior of nanocomposite materials can be achieved by 
measuring the storage modulus, Gʹ, and loss modulus, Gʺ as a function of filler loading.  
In many nanocomposite systems at low loading the nanocomposites exhibit liquid-like 
behavior, displaying a loss modulus higher the storage modulus (Gʺ ˃ Gʹ) similar to the 
unfilled matrix material.  However, at higher nanoparticle loadings the storage modulus is 
found to be higher than that of loss modulus (Gʹ ˃ Gʺ), consistent with solid-like behavior 
when measured as a function of frequency.  Although, both moduli increase readily with 
nanofillers content, Gʹ is more strongly depended on nanoparticle content.  In short, neat 
unfilled systems show liquid-like character in the melt.  With increasing nanofiber 
content there is a monotonic increase in both Gʹ and Gʺ culminating at a transition point, 





development of gel like behavior of the system and the onset of solid-like character with 
increased filler loading.  Viscoelastic character can also be quantified using the loss 
tangent value (tan δ), this value being the ratio of the loss to storage moduli.   
Studies by Hill and Liu et al. confirmed the increasing viscosity phenomena with 
the addition of cellulose nanocrystals.428,429  Liu et al. investigated the behavior of CNC 
colloids, reporting viscosity increases as CNC content increased from 0.91 to 2.03% in 
water solutions and aging with concentrations raised to 3.17 %.430  In addition, a study by 
Marcovich et al. also confirmed that addition of small amounts of cellulose nanocrystals 
to a liquid mixture of polyols increased the viscosities by 6100 and 20 times that of the 
neat polymer mixture at low and high frequencies, respectively.430 
Several groups have reported increasing storage and loss moduli as a function of 
increasing shear frequencies and nanocellulose fiber content in polymer a matrix.431,432  
Hasani et al. showed that at higher loadings the material behaved elastically.  Yet at low 
loadings viscous fluid behavior was observed.  As the loss tangent (tan δ) increased over 
all frequencies from 0.39 for the 5.0 wt.% suspensions to 2.2 for the 1.9 wt.% suspension, 
confirmation that a behavioral shift from viscous fluids to elastic gel occurs with 
increased nanofiber loading.  Ten et al. studied the rheological properties of CNC-poly(3-
hydroxybutyrate)(PHBV) nanocomposites.  They report a rapid increase in rheological 
properties appeared to occur with the cellulose nanowhiskers content between 0.5 and 2 
wt. %.  They also reported a transition crossover point of G'' and G' at 1.2 wt. %.  The 
corresponding decrease in tan δ value implied that the material behaves elastically with 





6.5 Surface Chemistry of Cellulose 
One of the most significant chemical features of cellulose nanoparticles are their 
highly reactive surface of –OH groups.  CNCs are hydrophilic making them well suited 
for combining with hydrophilic polymers.  However, this feature makes them quite 
incompatible with hydrophobic organic polymers.  The strong hydrogen bonding feature 
of OH groups become problematic during the processing of organic polymers as the CN 
are difficult to disperse due to the need to overcome the attractive force between CNCs 
and tendency of CNCs to draw moisture into the composite initiating hydrolytic 
degradation.  Furthermore, the strong attractive forces between CNC particles cause them 
to aggregate, forming sites of stress concentration, diminishing mechanical properties of 
the final composite.  One approach to solving this problem is the grafting of chemical 
species to the surface of the CNC to achieve different surface properties and increased 
compatibility with the matrix.  The process of surface functionalization can tailor the 
particle’s surface chemistry to control dispersion in non-polar polymers.  The 
functionality of the nanoparticle surface will govern suspension and fabrication properties 
as well as the resulting properties of the final composite.  
A vast array of surface modification methods have been developed and 
extensively reported for making cellulose suitable for combining with a variety 
hydrophobic organic polymers.362,388,433-436  Functionalization of cellulose nanoparticles 
surface can generally fall into three separate categories; (1) pretreament of the native 
surface by extraction methodology (Figure 65), (2) absorption of surfactants (Figure 66) 





grafting (Figure 67). This modification chemistry has been adapted from the long history 




Figure 65. Synthesis of cellulose nanoparticles from native macrofibril.382  
 
 
Figure 66. Electrostatic absorption to sulfonated cellulose nanoparticle.382  
 
Modification of the cellulose surface through the covalent attachment of 





years.  The abundant presence of hydroxyl surface groups makes cellulose susceptible to 
techniques that react with alcohols.  In order to achieve a hydrophobic surface and 
improve versatility of cellulose isocyanates, epoxide, acid halide, and acid anhydride 
have been grafted to the surface.  These reactions produce urethanes, ethers, and ester 
linkages.382,437  Multiple functionalities become possible when these techniques are used 
in combination.  The unavoidable surface modification that occurs during nanoparticles 
extraction from cellulose reduces the number of reactive OH sites available for further 
reaction.  Therefore, efforts to obtain desired surface functionality has become a 







Figure 67. Common modification chemistries of cellulose nanoparticle surface.382  
 
6.5.1 Engineered Cellulose Nanoparticle Materials 
Cellulose nanomaterials have  great potential for applications including 
biomedical implants, pharmaceuticals, drug delivery, templates for electronic 
components, separation membranes, batteries, super capacitors, flexible displays, 
barriers, antimicrobial and transparent films, and polymer matrix thermal and mechanical  
reinforcement.382,388,438,439  CNCs have also been utilized as rheological modifiers in 
polymers, cement, paints, cosmetics, drilling fluids, and pharmaceutical products.426,440-





addition of CNs to various polymers and comparing the results of these nanocomposites 
to find the field material and (2) modification or plasticizing 100% CN films and 
comparing the material properties to neat CN films.  Properties of these engineered 
materials are greatly depended on the networks formed between the nanoparticles.  The 
compositional weight fractions of CNs present provides the differentiation between these 
engineered materials.  CN reinforced polymer matrix composites (PMCs) incorporate ˂ 
30 wt. % CN, while that of the CN films are ˃ 70 wt. % CN.382 
Research on low loaded polymer matrix composites utilizing a variety of cellulose 
nanoparticles has been reviewed extensively.363,372,388,389,443-447  An impressive display of 
mechanical reinforcement ability in conjunction makes them ideal materials for 
supporting polymer matrix nanocomposites.448  Because of their high specific moduli, 
stiffness, nanoscale dimensions, high surface area, and high aspect ratios cellulose 




A large dilemma in the preparation of PMCs is the desire to achieve a 
homogenous dispersion of filler while simultaneously forming a CN network maintaining 
control over the degree in which the particles are allowed to touch.  In response to this 
desire researcher have focused in on two routes for achieving this goal.  The first of these 





agglomeration.  In contrast, the secondary approach focuses of the formation of a 
network structure with the CNs.  By alternating the CN-matrix interface maximum 
reinforcement is provided to a given polymer.  Literature reports four processing methods 
that have been utilized to produce CN PMCs.  Those techniques are: solution 
casting,372,388,390 partial dissolution,362 electrospinning,451-457  and melt 
compounding.362,388,390,447   
Melt compounding generally involves the incorporation of CNs into thermoplastic 
polymers by way of thermal-mechanical mixing of a given polymer with CNs followed 
by the extrusion of the mixture and optional compression molding into test specimens.  
Meticulous control over processing parameters is necessary to prevent degradation 
caused by temperature and shear stress applied during processing.  Researchers have 
focused a great deal of effort towards the development of 100% biobased systems such as 
that involving Poly(lactic acid).  Studies have reported efforts to improve dispersion of 










Freeze dried nanocrystalline cellulose (CNCs) derived from southern yellow pine 
dissolving pulp was provided by Forest Product Laboratory (Madison, WI).  Film and 
Sheet grade Poly(lactic acid) (PLA) Ingeo biopolymer 4043D was provided by Nature 
Works LLC.  Prior to use, the PLA was dried at 90 °C. Cardura EP10 (glycidyl 
neodecanoate), (Cardura) was provided by the Momentive Specialty Chemicals Inc.  
 
7.2 Determination of Reaction Temperature for Cardura-cellulose  
Mixtures of 1:1, 1:2, and 2:1 CNCs and Cardura were prepared for this study.  
DSC pans were prepared by loading 5 to 10 mg of sample into aluminum pans and 
crimped for a hermetic seal.  Samples were heated at 5 °C/min to 200 °C and heat flow as 
a function of temperature recorded.  Analysis was conducted using TA instruments 
Universal Analysis software. 
 
7.3 Estimation of Active Hydroxy Functional Groups 
In order to estimate the number of active hydroxy groups available for 
functionalization cellulose was shaken with a large excess of deuterium oxide.  The now 





intensity of O-D, O-H, and C-H stretches were utilized to estimate the percentage of OH 
groups that are readily exchangeable.   
 
7.4 Treatment of Nanocrystalline Cellulose with Cardura E010P (Glycidyl 
Neodecanoate) 
Freeze dried CNCs, 1.0 g, were mixed by shaking with 1.2 g of Cardura E010P.  
The mixture was transferred to a 150 mL round bottom flask.  The flask was then purged 
with nitrogen, placed in an oil bath, and heated to 185 °C with stirring for 3 hr.  The 
reaction mixture was removed from the oil bath and allowed to cool to room temperature 
and then washed twice with 50:50 ethanol/water, ethanol, and then ether to give a light 
yellow powder.  The powder was placed into a vacuum oven and dried at room 
temperature for 12 h to give 0.93 g (90 % yield) as a free flowing yellow powder and 
characterized by FT-IR.  
 
7.5 Preparation of CNC – PLA composite 
The functionalized and as received CNCs were melt mixed into a Polylactic acid 
(PLA). Composites ranging from 0.3 to 5 wt.% nanocellulosewere prepared in 66 g 
batches by adding the necessary amount of filler and PLA to the HAKKA Rheocord melt 
mixer at 140 °C under mixing speed of 40 RPM, and mixing for 11 min, during which 
time the temperature and torque were recorded.  PLA composite plaques with various 
loadings of cellulose were prepared by compression molding with a three-piece tool.  The 





the preheated (160 -120 °C) Wabash hot press.  After allowing the sample to melt into the 
bottom portion of the tool, the top plate was added and the sample was compressed under 
20 tons of pressure.  After compression the tool was removed from the press and rapidly 
cooled at room temperature.  
 
7.6 Dynamic Mechanical Analysis  
Thermomechanical testing of the PLA-CNC composites was carried out using a 
TA Instruments AR-G2 system using a rectangular geometry attachment.  Samples were 
cut to geometry specifications, not to exceed 15 mm in width and 45 mm in length.  
Sample thickness was 3-4 mm. Sample dimensions were entered into the DMA and 
clamps and spacers were used in accordance with instrument specifications for centering 
samples.  Temperature ramps of 5 °C/min were conducted from 25 to 150 °C.  
Rheological properties G', G'', and Tan δ were recorded for sample of 0.3, 0.5, 1, 3, and 5 
wt% loading of functionalized and as received CNCs were analyzed for comparison.  TA 









RESULTS AND DISCUSSION  
 
8.1 Overview 
 Synthetic polymers have provided substantial benefits for the development of 
society.  Plastics are one of the types of extensively used material that has presented an 
undeniable benefit to the packaging industry.  However, the vast majority of these 
petroleum based plastics are non-biodegradable and many are difficult to recycle or reuse 
because of the large number of polymers which all may contain different processing 
additives such as plasticizers, colorants and fillers, used in the production of packaging 
materials.461,462  In addition, growing concerns over the environmental impact of 
accumulating non-recyclable plastic waste462,463 atop uncertainties surrounding 
diminishing petroleum resources have spurred the search for alternatives.464,465  
 A number of studies have focused on the development of biodegradable plastics 
which have functionality and processability comparable to traditional petroleum based 
plastics for packaging purposes.  These materials have attracted great interest because 
they are typically made from renewable raw materials and end of life waste management 
is achieved by composting or anaerobic digestion reducing landfill accumulation.466   





properties, low heat distortion temperature, high moisture absorption, increased 
degradation rates under various conditions, and increased cost.467-469 
In an effort to preserve biodegradability and improve thermomechanical 
properties of final products, various natural polymers have been utilized as a reinforcing 
phase.  Cellulose, lignin, and starch are abundant biopolymers that have been investigated 
for their reinforcing capabilities.470-472  Cellulose nanomaterials have gained an 
abundance of focus as one of the strongest and stiffest natural materials available.473   
Hydroxyl groups present on the surface permit modifications which alter hydrophilicity, 
improve compatibility with organic polymers, and decrease attractive forces leading to 
aggregation.  
The reinforcement ability of cellulose nanocrystals (CNC) has been displayed 
through the evaluation of cellulose nanocrystal/waterborne epoxy composites by Cross et. 
al.474-477  It was shown that the incorporation of cellulose nanocrystals reduced abrasion 
induced weight loss of composite coatings by 26 and 32% relative to the unfilled epoxy 
for coatings containing 5 and 11.6 wt.% loading CNC, respectively.474  Modulus values 
have been improved showing increases in the glassy modulus as well as rubber modulus 
which would denote improvements to heat distortion temperatures.474,475,478,479  However, 
incorporation of cellulose nanocrystals did lead to a reduction of thermal stability with 
and increased rate of thermal degradation above 150 °C, which is above desired use 





The optimization of interfacial adhesion between reinforcing nanoparticles and a 
polymer matrix is critical for stress transfer from loading.  Shanhong et al. showed that 
waterborne epoxy composites displayed issues of CNC aggregation with increased 
concentrations.475  A high volume of biobased nanoparticles with high surface hardness 
and hydrophilicity could indicate the need for a change in surface modification in order to 
reduce surface tension dynamics relative to bondable interfaces.480 
 This study focuses on the incorporation of forest derived nanocellulose extracted 
from yellow pine into poly(lactic acid) (PLA) a thermoplastic matrix.  These samples 
were evaluated for dispersity, effect of nanocellulose on polymer crystallization, and 
improvements to thermomechanical properties of the corresponding nanocomposites.    
 
8.2 Composite Preparation using As Received CNCs  
 Composite plaques were prepared by melt mixing and compression molding PLA 
and CNCs provided by Forest Products Laboratory that were produced by sulfuric acid 
hydrolysis.  Figure 68 shows composites prepared with CNCs and CNFs in PLA, clearly 
showing that the NCs had formed large agglomerates during processing.  These 
composites had large aggregates of cellulose in the PLA matrix.  Also, with increased 
loading of CNCs there was an increase in thermoxidative degradation which could have 
been caused by the presence of moisture373 or by the sulfonate groups resulting from acid 
hydrolysis extraction process.481  Figure 69 shows the composite samples of neat PLA 










Figure 69. PLA and PLA-CNC composites (from left to right): Neat PLA, 0.5% CNC-








8.3 Available Functionalization Sites 
 Some interesting applications of nanocellulosic materials are afforded by 
changing the surface functionality through chemical modification of the available 
hydroxyl groups.382  The sulfate ester groups introduced to the surface of CNCs during 
chemical extraction from cellulose by 60% H2SO4 occupies some surface sites and 
contributes to hydrophilic character of the CNCs.482,483  This can be taken as an 
undesirable consequence as many plastic materials such as polystyrene, polyethylene, 
polylactic acid, etc. are incompatible with moisture attracting fillers.484,485  A 
disadvantage of nanocellulose as a filler is the strong hydrophilic nature of its surface 
which inhibits homogeneous dispersion, causes weak interfaces, and aggregation through 
strong hydrogen bonding of the OH-rich molecular structure.486  In order to obtain well-
dispersed hydrophilic reinforcing nanocellulose in hydrophobic polymer matrix, the 
modification of nanocellulose surface is essential for the preparation of biocomposite.487  
In this study we sought to determine the approximate number of active OH sites 
on the surface of CNCs that are available for modification.  Deuterium exchange 
experiments have been used to identify interactions of OH based sites on materials.488,489   
A sample of cellulose was shaken in deuterium oxide allowing the active hydrogen to be 
exchanged with deuterium.  Sample was transferred directly from reaction vial to the 
ATR FT-IR crystal for analysis.  Figure 70 shows the FT-IR spectra of freeze dried 
nanocellulose material and the deuterium exchanged CNCs.  For this experiment, the 
CNC spectrum (Figure 70top) depicts cellulose OH stretching band in the 3600-3000 cm-





analysis.  Figure 70 (bottom graph) depicts a reduced OH stretching band, an unchanged 
C-H stretching band which was used as a reference, and a strong O-D band at 2476 cm-1.   
From a comparison of the integrated peak area ratios of the O-D and the O-H it was 
determined that 10% of the surface hydroxyl groups are available for functionalization.  
 
 
Figure 70. FT-IR Spectra of freeze dried as received CNCs (top) and deuterium 
exchanged CNCs (bottom). 
 
8.4 Functionalization of CNCs with Epoxy (Cardura EP10) 
Chemical functionalization of the cellulose has been widely studied to: (1) 
introduce an electrostatic surface coating with an ionic surfactant to obtain better 
dispersions and (2) tuning of the surface energy characteristics to improve compatibility, 





matrices.463,472  Challenges to chemical functionalization of cellulose include conducting 
the reaction in a manner that only targets modification of the surface of the nanomaterials 
while preserving the integrity of the crystal structure. Functionalization of cellulose 
nanoparticles has been reviewed extensively compiling a number of chemical 
modifications for various applications.490-496 
DSC experiments were conducted to determine the reaction parameters for 
surface modification.  CNCs and glycidyl ester were combined at ratios of 1:1, 2:1, and 
1:2, a temperature scan experiment was performed from room temperature to 200 °C and 
the heat released was measured. After integrating the reaction exotherm, it was 
determined that ratios of 1:1 and 1:2 (CNC:Glycidyl ester) had similar ΔHR. Isothermal 
measurements were then conducted to determine time necessary for reaction to occur. 
These parameters were used for the surface modification of the CNCs.  
 Using the OH group as a nucleophilic site, we carried out a thermally induced 
solvent free epoxy ring opening reaction using a glycidyl ester, CarduraTM EP 10 (Figure 
71), at 185 °C. Following the reaction, the sample was washed with ether to remove any 
unreacted Cardura from the CNC surface.  The reaction forms an ‒O‒R‒ bond.  The 
FTIR spectra of treated and untreated CNC are presented in Figure 72. The CNC spectra 
(Figure 72 top) depicts characteristic bands for cellulose with the OH stretching observed 
at 3600-3000 cm-1 and C‒H symmetrical stretching at 2800 cm-1.  Additional 
characteristic bands include the OH bending of adsorbed water at 1635 cm-1, the CH2 
bending at 1430 cm-1, the C-H bending at 1380 cm-1, the C-O stretching at 1058 and 1035 
cm-1, the C-H bending or CH2 stretching at 900 cm





structure, and the O-H out of plane bending at 687 cm-1.497  Also observed are the C‒C, 
C‒OH, and C‒H ring and side group vibrations at 994-1060 cm-1.  There are neither 
single C-H nor CH2 groups on cellulose which display asymmetric stretching.  The 
middle spectra of Figure 72 displays Cardura EP 10 modifying agent which exhibits 
distinct characteristics of C‒H symmetrical stretching at 2900 cm-1 and a strong C=O 
stretching vibration at 1700 cm-1. Confirmation of successful treatment can be observed 
in Figure 72 (bottom). It can be seen that there is an increase in the ratio of C-H to O-H 
stretching vibrations which is expected with the addition of the long aliphatic chain from 
the epoxy. The strongest indicator of modification is the appearance of the C=O 
functional group at 1700 cm-1 emanating from the ester linkage.  It is important to realize 
that the sample was washed with ether to remove all unreacted residue yielding no loss of 
peak in product. Therefore, it was confirmed that the C=O appearance is attributed to 

















Figure 72. FTIR spectra of untreated CNCs (top), glycidyl ester modifying agent 
(middle), and glycidyl ester treated CNC (bottom). 
 
8.5 Composite Preparation using Functionalized CNCs 
 Composite plaques were prepared by melt mixing and compression molding 
Natureworks PLA and m-CNCs as described in section 7.6.  Plaques displayed improved 
dispersions of the m-CNC filler compared to plaques prepared using as received material.  
It did appear that the m-CNCs also caused some degradation of the polymer as depicted 
by the brown coloring of the composites following melt mixing.  However, increased 
loading did not seem to cause greater degradation of the polymer matrix similar to that 
seen in as received CNC-PLA composites.  
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8.6 Crystallization and Melt Behavior by DSC 
Non-isothermal DSC experiments were used to investigate the effect of modified 
CNC (m-CNC) on crystallization and melting behavior.  The DSC thermograms of 
PLA/m-CNC nanocomposites shown in Figure 73 depict the first heating of the sample at 
10 C/min after erasing the thermal history.  Features present in this scan include the 
glass transition (Tg) inflection point at 55 °C, a crystallization exotherm peak upon 
heating (cold crystallization) (90-130 °C), and melting endotherm (Tm) peaks (140-160 
°C).498  Because PLA crystallizes very slowly there is no observed crystallization 
exotherm during the cooling scan at 10 °C/min.  The observed double melting peaks 
could possibly be an effect of multiple crystal formations of different morphologies or 
recrystallization and re-melting process during the subsequent heating.499  Incorporation 
of glycidyl ester modified CNCs in PLA reduced the melting temperature by ~8 °C.  The 
m-CNC showed no influence on the Tg of PLA, indicating the particles are not 
significantly pinning the polymer chains.  The cold crystallization shifted to lower 
temperature at higher loading, from 100.6 to 94.5 C at 5 wt % loading.  However, there 
was no significant improvement to the degree of crystallinity (𝑋𝑐).  The degree of 
crystallinity of the specimens was calculated from Equation 18.500 The cold 
crystallization (Tcc) and melting (Tm) temperatures along with the percent crystallinity 




(1−𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚−𝐶𝑁𝐶) ∗ ∆𝐻𝑓





𝛥𝐻𝑚  is the measured enthalpy of melting and 𝛥𝐻𝑚
°  is the melting enthalpy of 100% 
crystalline PLA taken as 93.0 J/g.500  The results indicate that there is no improvement to 
the overall crystallinity of the PLA films.  However, with increasing m-CNC loading 
there is a decrease in the 𝑇𝑐𝑐 temperature indicating that the m-CNC acted as a nucleating 
agent promoting the growth of crystals in the PLA.  This result is consistent with many 
reports of nucleating behavior of nanocellulosic material, improvements to 𝑇𝑐𝑐 without a 




Figure 73. DSC scans for neat PLA and PLA/mCNC nanocomposites under nitrogen with 
a heating rate and cooling rate of 10 °C/min. 



































Table 26. Non-Isothermal Crystallization Behavior of PLA and m-CNC-PLA 
Composites at 10 °C/min Heating Rate 
Sample designation ΔHm (J/g) Tcc (C) Tm (°C) % (Xc) 
Neat PLA 32.4 101.5 154.7 34.8 
PLA/m-CNCs-0.3% 28.1 105.4 146.7 30.2 
PLA/m-CNCs-0.5% 28.0 103.4 146.1 30.2 
PLA/m-CNCs-1% 31.6 99.7 154.4 34.3 
PLA/m-CNCs-3% 28.4 101.0 144.5 31.4 
PLA/m-CNCs-5% 31.0 94.6 153.1 35.1 
 
8.7 Crystallization Activation Energy 
It has been reported that in the presence of foreign particles preferential 
crystallization of polymers can occur if that surface can nucleate crystal growth.  In the 
presence of these nucleation sites lateral growth is inhibited and crystallization takes 
place in the direction normal to form surface.  Trans-crystallization defines the 
development of the surface layer in which crystal growth is nucleated at the interface of 
the foreign particle505-507  Cellulose and cellulose nanomaterials have proven to be 
promising nucleating agents promoting crystallization in thermoplastics such as 
poly(lactic acid).501,508 
Kissinger and Ozawa both proposed that activation energy of a process could be 
determined by examining the variations in DSC peak maxima as a function of heating 





activation energies of PLA and m-CNC filled PLA composites were determined.  
PLA/m-CNC temperature curves as a function of heating rate and Arrhenius plots used to 
calculate apparent activation energies are presented in Appendix C Figure 150-161 and 
Table 95-97. The results of the Kissinger and Ozawa methods are presented in Table 27.  
The Kissinger and Ozawa methods show increasing activation energies of crystallization 
with increasing m-CNC loading.  The results suggest the incorporation of m-CNC 
inhibited crystallization, making it more difficult for the polymer chains to crystallize.   
 
Table 27. Apparent Activation Energy for Crystallization of Neat PLA and PLA Loaded 
with m-CNC via Kissinger and Ozawa-Flynn-Wall Methods 
 Ea, kJ/mol 
Kissinger 




Neat PLA 69.8 0.972  72.5 0.977  
PLA/m-CNC-0.3% 91.9 0.996 93.5 0.997  
PLA/m-CNC-0.5% 67.8 0.994  70.6 0.995  
PLA/m-CNC-1% 65.8 0.996  68.6 0.997  
PLA/m-CNC-3% 81.8 0.983  84.0 0.985  
PLA/m-CNC-5% 104.2 0.983  105.0 0.985 
 
8.8 Wide-angle X-Ray diffraction (WAXD) of CNC-PLA composites 
The crystalline portions of cellulosic materials are greatly dependent on number 
of factors, including source, extraction method, drying, and surface modifications.510,511  
X-Ray diffraction can be used to determine degree of crystallinity of cellulosic materials, 
expressed through the crystallinity index (CrI).512  Several techniques have been applied 





19716-3 standard test uses the ratio of the heights of the crystalline and amorphous 
regions to determine the crystallinity index (Equation 19).  𝐼002 represents the crystalline 
peak height and 𝐼𝐴𝑀 represents the measured amorphous region.
510  Due to the simplicity 
of this method it is widely applied although the method has a tendency to overestimate 𝑋𝑐  
due to variations in peak widths.511  Figure 74 illustrates the assignment of crystalline and 
amorphous regions.  
 
𝐶𝑟𝐼 =  
𝐼002− 𝐼𝐴𝑀
𝐼002
∗ 100     Eq. 19 
 
 
Figure 74. XRD diffractograms of cellulose illustrating the crystalline (I002) and 
amorphous (IAM) regions used to calculate the crystallinity index.
512 
 
The Scherrer equations can be used to determine crystallite size using the 















mean size of the crystalline domains, L (Equation 20) where K is the shape factor of the 
peak, taken as approximately 0.9, λ is the x-ray wavelength used for the measurement, β 
is an instrument dependent correction factor on the line broadening at full-width half 
maximum (FWHM) of peak intensity in radians, and θ is the Bragg angle describing the 
scattering from a crystal lattice.513,514 
 
𝐿 =  
𝐾λ
𝛽 cos 𝜃
    Eq. 20 
 
The distance between adjacent planes in the crystal lattice is a method used to 
evaluate characteristics of a given material.  The spacing between the lattice planes, 
defined as d-spacing, is a useful comparison of solid samples.515 
Figure 75 is an overlay of the diffractogram obtained comparing the FPL CNCs as 
received and the Cardura modified product.  The diffraction pattern of CNC display 
primary peaks at 2θ = 14.4, 16.5, and 22.5 with a weak diffraction peak at 34.5 which 
correspond to the crystal planes (1-10), (110), (200), and (040) of cellulose I 
respectively.516-518   Peaks were also observed at 2θ = 12.1 and 20.1, consistent with 
peaks associated with cellulose II which are located at 2θ = 12.5, 20.1, 22.7, and 
34.4.518  The diffractogram of the modified CNCs show no addition or loss of peaks and 
no shifts in peak position. This sample does show changes to peak intensity and FWHM 
indicative of decrease in crystal size.  Figure 76 is a representative diffactogram of CNC, 





is consistent the presence of cellulose I and II.516-518  The existence of cellulose II is likely 
attributed to the acid hydrolysis extraction and subsequent acid treatments.518  
Crystallinity of CNC and m-CNC were calculated in Table 28 using the valley located at 
~18 2θ, representative of the amorphous region (IAM) and the peak at ~22.5 2θ, 
representative of the crystalline region (I002).  The height differences between the 
background at these specified positions were used to calculate the 𝑋𝑐 for both samples 
according to Equation 17. 
  
 

















Figure 76. XRD diffractogram obtained for FPL sulfuric acid digested CNCs as received 
and evaluated using the HighScore Software package. 
 
Table 28. Degree of Crystallinity Calculated for the Nanocellulosic Materials 
Sample Degree of 
Crystallinity (%) 
FPL CNCs 92.9 
FPL modified CNCs 71.7 
 
These results suggest that the modification process had a dramatic effect on the 
CNCs. The overall 𝑋𝑐 is reduced by 21.2 % from 92.9% to 71.7%.  Using the Scherrer 
equation, the crystallite size was calculated to determine effects of modification.  The 
results are displayed in Table 29.  The primary crystalline peak (22.5 2θ) was used for 
these calculations.  It can be seen that the crystal size of is also reduced by the 






Table 29. Crystallite Sizes of Nanocellulosic Materials as Calculated using the 
Scherrer Method 










FPL CNC 22.48 3.95 0.91 7.5 
FPL m-CNC 22.19 4.00 1.30 6.3 
 
Poly (lactic acid) has been shown to crystallize in three primary crystal phases: α, 
β, and γ.519  The most prevalent and stable of the three crystal phases is the helical α, 
which displays a pseudo-orthorhombic crystal structure.519-521  The diffractograms of the 
neat PLA and m-CNC/PLA composite are shown in Figure 77.  The samples are 
predominately comprised of α phase crystals and show minimal evidence of secondary 
crystal phase, therefore the possibility of the double melt being caused by polymorphism 
is still possible.  However, because of the weak presence of the second melting peak it is 
more likely the double melt is attributed to melt recrystallization.  The diffraction pattern 
of the composite films displays peaks at 2θ 16.3, 18.8, and 21.8 corresponding to the 
characteristic plane of α phase crystalline peaks (200 + 110), (203) and (015), 
respectively.521,522  The diffractograms of all composite films were dominated by PLA 







Figure 77. Diffractogram obtained for the neat PLA and m-CNC/PLA nanocomposites as 
a function of CNC loading. 
 
8.9 Rheological Behavior of PLA/m-CNC nanocomposites 
The rheological properties of PLA/m-CNC nanocomposites were evaluated at 155 
C as a function of frequency (ω) ( Figure 78).  It was observed that the addition of m-
CNC caused changes in elastic and viscous components of modulus which gradually 
decreased with increasing filler loading.  Terminal flow behavior was observed for neat 
PLA and nanocomposites over complete range of loading.  Terminal flow behavior of 
fully relax homo-dispersed lightly entangled polymer chains with pure liquid-like 
relaxation behavior has been reported in literature to obey the power law relation, G'~ω2 
and G''~ω, below ~10 rad/s.  The obtained power law index of G' and G'' for neat PLA 
are 1.33 and 0.61respectively.  Deviations from theoretical exponent values of 2 for G' 



























and 1 for G'' can be attributed to the polydispersity of commercial PLA resins and the 
presence of two lactide forms (L-lactide and D-lactide).523  Figure 79 shows the complex 
viscosity (η*) vs ω curves for the nanocomposites prepared with m-CNC.  When the 
loading is low or in the presence of good dispersion of cellulose nanoparticles the 
complex viscosity shows a significant increase.  The complex viscosity shows a sharp 
increase upon addition of 0.3 wt % and observed to gradually decrease when the loading 
of m-CNC is increased above 0.5 wt %.  This result implies that at low loading the m-
CNC displays an ability to effectively restrict the motion of PLA chains providing 
improvements to viscosity and G'.  It was also observed that the complex viscosity 
decreased (for PLA and nanocomposites) with increasing frequency, attributed to non-
Newtonian behavior.  This shear thinning can be attributed to the disentanglement and 
alignment of polymer chains in the direction of flow, reducing resistance to viscous 
effect.  The observed changes to PLA moduli and viscosity with the addition of 0.3 wt. % 







Figure 78. Storage (G') and loss modulus (G") of neat PLA and PLA/m-CNC 
nanocomposites as a function of frequency. 
 
 
Figure 79. Frequency dependence of Dynamic Viscosity for neat PLA and PLA/m-CNC 
nanocomposites. 
 
Frequency dependent G' vs. G'' plots (i.e., Cole-Cole plots), are an effective tool 
in the identification of structural changes in the polymer matrix due to incorporation of 
























































































change in the slope of G' versus G'' curves due to formation of network structure.  Above 
the percolation threshold the presence of fillers restricts polymer chain motion resulting 
in changes to material properties.  Figure 80a shows the G' vs. G'' plot of neat PLA and 
PLA/m-CNC nanocomposites.  It was observed that the slope values in Table 30 for G′, 
G′′ vs. ω and Cole–Cole plots showed little change and developed no consistent trend 
with increasing loading.  This lack of microstructure development could be attributed to a 
number of reasons: (1) thermoxidative degradation of polymer chains upon addition of 
m-CNC, (2) aggregation of nanoparticles during the course of the experiment, and (3) 
lack of sufficient interfacial interaction between filler and polymer chain.  Observations 
of elastic behavior can be drawn from van Gurp-Palmen plot (Figure 80b), where the 
phase angle (tan δ) is plotted versus complex modulus (G*).527,528  The phase angle is the 
phase difference between the applied strain and measured stress, and tan δ is defined as 
the ratio of the loss modulus (G'') to the storage modulus (G').  When a material is 
completely elastic it will have a tan δ measuring 0.  As the material begins to drift into 
the viscous regime, the phase angle will shift towards 90.  Figure 80b shows that for the 
neat PLA and nanocomposites with m-CNC loading up to 0.5 wt. %, the viscous 
character dominates at the start of the measurement; however with increasing frequency 
greater elastic character begins to emerge.  At higher m-CNC loading (>0.5 wt. %), the 







Figure 80. Determination of percolation threshold concentration (a) Storage modulus (G') 
vs. loss modulus (G'') and (b) Phase angle vs. complex modulus plots for neat PLA and 
PLA/m-CNC nanocomposites. 
 
Table 30. Change in Low-Frequency Slopes of G′, G′′ vs. ω and Cole–Cole Plot 
for PLA/m-CNC Nanocomposites 
Sample 
Designation 
Slope of G′ vs 
ω 




Neat PLA 1.33 0.61 0.28 
PLA/m-CNCs-0.3% 3.48 0.93 0.44 
PLA/m-CNCs-0.5% 3.61 0.95 0.45 
PLA/m-CNCs-1.0% 1.83 0.82 0.26 
PLA/m-CNCs-3.0% 2.97 0.84 0.42 
PLA/m -CNCs-5.0% 1.79 0.83 0.27 
Data for slope values evaluated at points below 10 rad/s. 
 
8.10 Dynamic Mechanical Analysis (DMA) 
 Figure 81 shows a plot of storage modulus (E') versus temperature for neat PLA 









































































% m-CNC show improvements to E' relative to the PLA alone.  However, only the 1 wt 
% samples shows improvements to modulus in both the glassy and rubbery regions as 
compared to the neat polymer.  All samples displayed a dramatic drop in modulus 
entering the glass transition state around 60-65 C.  Some of this modulus is recovered in 
the rubbery plateau which is attributed to cold crystallization occurring ~90 C, which is 
consistent with DSC experiments.529  The samples then maintain a relatively stable 
modulus until reaching their melting point at higher temperature.   
 
 
Figure 81. DMA scans for neat PLA and PLA/m-CNC nanocomposites at 5 °C/min a 
heating rate showing changing storage modulus as a function of temperature. 
 
Figure 82 shows the tan δ versus temperature plots for neat PLA and PLA/m-
CNC nanocomposites.  These plots show the dampening effect of m-CNC on PLA 
behavior.  Tan δ values signify the dissipated energy and the elastic component of the 

























































system; its value is inversely comparable to the increase in storage modulus.  The 
magnitude of the tan δ peak is associated with the mobility of the amorphous region in 
the composites.  Figure 82 shows no observable trend in the tan δ peak heights, although 
as expected the most significant decrease in peak height is observed in the 1 wt % 
sample.  This result indicates the most significant restriction of the polymer chains 
leading to the greatest increase in storage modulus.  The drop in Tg displayed by the 
PLA/CNC nanocomposites indicates greater regularity in the PLA molecular orientation 
than that of the composites.   
 
 
Figure 82. Tan δ vs. temperature plot for neat PLA and PLA/m-CNC nanocomposite at a 
5 °C/min heating rate. 





























Cellulose nanocrystals treated with glycidyl ester, Cardura, were proposed as a 
nucleating agent to prepare nanocomposites that improved the slow crystallization of 
Poly (lactic acid).  The hypothesis that the long chain ester would provide improved 
nucleating efficiency through increased compatibility was evaluated.  Modification of the 
surface decreased the crystallinity of the cellulose filler and did not significantly improve 
the overall crystallinity of the final nanocomposite.  Shifting of the onset of cold 
crystallization temperature to lower temperature was an indicator of crystallization 
nucleation.  However, this nucleation came unexpectedly at increasing m-CNC content as 
opposed lower loadings.  
 Rheological experiments determined that there was no change to the network 
structure by the addition of m-CNCs.  This may have been due to degradation of the 
samples during processing, thermooxidative degradation over the course of the test, or 
aggregation of particles.  The increase in slope values makes the aggregation of particles 
the more probable factor. There was a dramatic increase in viscosity with 0.2 wt % 
loading of m-CNCs showing an increase in shearing behavior at low frequencies.  






 Addition of m-CNC demonstrated no improvements to the mechanical properties 
of the nanocomposites.  Majority of samples showed a decrease in the physical properties 
with the addition of m-CNCs which may have been caused by thermooxidative 
degradation during processing.  Loadings of 1 wt % displayed improvements in rubbery 
plateau as well as within the recovery regimes.  
 X-ray diffraction plots confirmed the presences of cellulose I and II in the as 
received samples at a crystallinity of 92%.  Degradation of the cellulose during surface 
modification reduced the crystallinity by ~20% also decreasing crystal size.  The 
cellulose was unable to be detected in the composites due to the overwhelming 
contribution of the composites being provided by the polymer matrix.  
 In summation, the glycidyl ester surface modified CNCs were effective in 
nucleating crystallization.  Further studies will need to be conducted to optimize the 
surface modification of the CNCs.  Presumably if we are able to increase the degree of 
substitution during functionalization we could possibly achieve better dispersion with 
decreased degradation.  In addition, changes to processing parameters could also improve 








Rheology relates to the study of viscous flow and mechanical properties of 
various materials in solid and liquid state. The deformations of materials based on a 
relationship governed by stress and strain enables the determination of rheological 
properties such as complex viscosity (*η), Young’s Modulus (G'), Strain is the 
measurement of the magnitude of deformation of a material. Therefore, the simplest 
definition for the measurement of strain is the difference in length of a stretched material.  
 
𝑆𝑡𝑟𝑎𝑖𝑛 = 𝐿 − 𝐿ₒ                                            (1.0) 
 
Cauchy strain accounts for the initial length of the material before it has undergone 
deformation. Accounting for the initial length is the only way to gain a quantitative 
measure of strain and a material. Assuming the material will experience uniform 
deformation Cauchy Strain can be defined by Equation 1.1 
 






− 1                                  ( 1.1) 
 
Simple shear is a form of deformation that is very important to rheology. Shearing of a 
material is based on the idea of a material filling the gap between two parallel plates and 





deformation occurring in fluids and other liquid like materials is characterized by 




If there is no dislodging of the material from the plate surface and the inertia is 





                                             (1.2) 
 
The shear rate or rate of deformation is another important property of interest in the 
rheological study of fluid material. The material is observed for its response to constant 
shearing. The flow caused by continuous shearing is defined as “steady simple shear”. 








                                        (1.3) 
 
Stresses are defined as forces acting on a point per unit area. These applied forces can 





are able to exceed some threshold, the applied stress can lead to a failing of material as it 
ruptures. Stress is measured in the SI units of ( 
𝑁
𝑚2 
 ). The importance of this unit has led 
to the development of its own name, Paschal (Pa). In measuring rheological properties 
two types of stress become important “normal stress” act in the direction perpendicular to 







  APPENDIX B 
PETI 298 DATA: FIGURES AND TABLES 
 
 
Figure 83. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 


































































Table 31. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 






















Figure 84. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 3775 graphite via melt mixing, with a heating rate of 3 °C/min. 
3 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  95.51 306.53 246.60 359.47 
PETI 298/3160-
0.2% 
122.22 324.68 152.30 357.12 
PETI 298/3160-
0.5% 
122.31 320.54 129.3 359.81 
PETI 298/3160-
0.7% 
122.53 327.44 121.0 357.17 
PETI 298/3160-
1% 
- 322.26 213.00 359.59 
PETI 298/3160-
3% 
124.57 317.92 124.7 361.21 
PETI 298/3160-
5% 





Table 32. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 3160 Graphite 
 
 
Figure 85. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% TC307 graphite via melt mixing, with a heating rate of 3 °C/min. 
 




























3 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  95.51 306.53 246.60 359.47 
PETI 298/3775-
0.2% 
120.74 312.79 184.1 357.65 
PETI 298/3775-
0.5% 
126.65 324.88 130.8 356.97 
PETI 298/3775-
0.7% 
120.73 318.43 122.7 358.75 
PETI 298/3775-
1% 
116.30 320.87 138.1 356.76 
PETI 298/3775-
3% 
117.40 327.97 30.13 366.97 
PETI 298/3775-
5% 





Table 33. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 








3 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  95.51 306.53 246.60 359.47 
PETI 298/TC307-
0.2% 
125.97 327.34 168.8 360.71 
PETI 298/TC307-
0.5% 
127.84 330.10 151.2 366.13 
PETI 298/ TC307-
0.7% 
125.85 333.68 163.7 367.85 
PETI 298/ TC307-
1% 
124.69 334.00 124.7 371.17 
PETI 298/ TC307-
3% 
123.46 330.83 174.5 372.91 
PETI 298/ TC307-
5% 






Figure 86. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 4827 graphite via melt mixing, with a heating rate of 3 °C/min. 
 
Table 34. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 4827 Graphite 











































3 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  95.51 306.53 246.60 359.47 
PETI 298/4827-
0.2% 
120.36 327.92 148.2 359.88 
PETI 298/4827-
0.5% 
123.13 325.23 163.0 362.37 
PETI 298/ 4827-
0.7% 
121.12 331.45 125.8 366.11 
PETI 298/ 4827-
1% 
123.11 321.11 212.2 365.68 
PETI 298/ 4827-
3% 
121.28 339.99 117.6 372.91 
PETI 298/ 4827-
5% 
122.83 346.88 127.5 375.40 
PETI 298/ 4827-
10% 
123.65 341.52 98.70 375.56 
PETI 298/ 4827-
20% 






Figure 87. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 3160 graphite via melt mixing, with a heating rate of 7 °C/min. 
 
Table 35. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 3160 Graphite 
 




























7 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  117.54 333.79 164.80 375.81 
PETI 298/3160-
0.2% 
129.45 331.05 175.90 374.91 
PETI 298/3160-
0.5% 
132.69 337.60 146.00 375.28 
PETI 298/3160-
0.7% 
136.49 336.84 147.20 376.84 
PETI 298/3160-
1% 
- 339.58 156.30 381.97 
PETI 298/3160-
3% 











Figure 88. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 3775 graphite via melt mixing, with a heating rate of 7 °C/min. 
 
Table 36. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 3775 Graphite 
 




























7 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  117.54 333.79 164.80 375.81 
PETI 298/3775-
0.2% 
125.21 334.52 158.3 374.84 
PETI 298/3775-
0.5% 
124.85 333.54 154.4 373.11 
PETI 298/3775-
0.7% 
124.72 336.37 157.7 375.29 
PETI 298/3775-
1% 
120.80 338.08 138.4 377.35 
PETI 298/3775-
3% 
122.34 324.33 172.4 385.54 
PETI 298/3775-
5% 






Figure 89. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% TC307 graphite via melt mixing, with a heating rate of 7 °C/min. 
 
Table 37. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with TC307 Graphite 
 
 





























7 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  117.54 333.79 164.80 375.81 
PETI 298/TC307-
0.2% 
131.49 331.17 211.0 377.71 
PETI 298/TC307-
0.5% 
133.85 342.41 170.4 387.66 
PETI 298/ TC307-
0.7% 
134.77 350.84 147.2 385.89 
PETI 298/ TC307-
1% 
135.37 352.12 142.5 387.99 
PETI 298/ TC307-
3% 
133.64 358.21 147.6 391.49 
PETI 298/ TC307-
5% 






Figure 90. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 4827 graphite via melt mixing, with a heating rate of 7 °C/min. 
 
Table 38. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 4827 Graphite 































7 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  117.54 333.79 164.80 375.81 
PETI 298/4827-
0.2% 
125.97 341.08 162.3 382.79 
PETI 298/4827-
0.5% 
126.56 342.30 144.1 384.49 
PETI 298/ 4827-
0.7% 
125.98 336.10 183.7 383.78 
PETI 298/ 4827-
1% 
127.03 349.33 127.8 387.70 
PETI 298/ 4827-
3% 
122.15 360.41 141.7 392.62 
PETI 298/ 4827-
5% 
128.04 353.74 120.9 389.82 
PETI 298/ 4827-
10% 
127.71 356.68 133.4 393.73 
PETI 298/ 4827-
20% 






Figure 91. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 3160 graphite via melt mixing, with a heating rate of 9 °C/min. 
 
Table 39. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 3160 Graphite 
 


























9 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  142.44 328.08 185.0 389.22 
PETI 298/3160-
0.2% 
129.69 333.57 187.2 378.80 
PETI 298/3160-
0.5% 
132.93 327.03 212.8 378.61 
PETI 298/3160-
0.7% 
129.75 331.84 190.0 379.51 
PETI 298/3160-
1% 
- 339.87 153.7 387.39 
PETI 298/3160-
3% 
127.21 328.00 176.5 381.14 
PETI 298/3160-
5% 






Figure 92. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 3775 graphite via melt mixing, with a heating rate of 9 °C/min. 
 
Table 40. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 3775 Graphite 
 



































9 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  142.44 328.08 185.0 389.22 
PETI 298/3775-
0.2% 
127.66 333.55 175.4 379.63 
PETI 298/3775-
0.5% 
123.50 322.85 196.6 378.47 
PETI 298/3775-
0.7% 
125.93 326.86 187.9 381.31 
PETI 298/3775-
1% 
122.36 339.59 140.6 385.66 
PETI 298/3775-
3% 
117.45 348.81 119.9 392.66 
PETI 298/3775-
5% 






Figure 93. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% TC307 graphite via melt mixing, with a heating rate of 9 °C/min.  
  
Table 41. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with TC307 Graphite 



































9 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  142.44 328.08 185.0 389.22 
PETI 298/TC307-
0.2% 
131.72 336.69 176.3 385.85 
PETI 298/TC307-
0.5% 
136.24 344.92 167.8 392.73 
PETI 298/ TC307-
0.7% 
133.22 351.27 162.1 392.74 
PETI 298/ TC307-
1% 
138.33 357.44 140.9 395.89 
PETI 298/ TC307-
3% 
131.48 362.98 138.9 397.78 
PETI 298/ TC307-
5% 






Figure 94. DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 3.0, and 
5.0 wt% 4827 graphite via melt mixing, with a heating rate of 9 °C/min. 
 
Table 42. The Pre-Cure Tg, Onset of Cure, Heat of Reaction (ΔHR), and Cure Peak Max 
for Unfilled PETI 298 and PETI 298 Filled with 4827 Graphite 
 









































9 °C/min Pre-cure Tg 
(°C) 






Neat PETI 298  142.44 328.08 185.0 389.22 
PETI 298/4827-
0.2% 
126.44 340.25 198.7 386.81 
PETI 298/4827-
0.5% 
127.78 343.93 164.9 391.23 
PETI 298/ 4827-
0.7% 
127.43 343.05 189.4 390.37 
PETI 298/ 4827-
1% 
128.90 350.50 160.4 394.23 
PETI 298/ 4827-
3% 
127.78 349.92 126.7 393.70 
PETI 298/ 4827-
5% 
130.65 363.00 146.8 397.24 
PETI 298/ 4827-
10% 
127.53 365.28 126.36 400.85 
PETI 298/ 4827-
20% 






Figure 95. Post-cure DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 
3.0, and 5.0 wt% 3775 graphite via melt mixing, with a heating rate of 5 °C/min 
following cure schedule of 2 h at 371 °C. 
 
Table 43. Glass Transition Temperatures for Neat PETI 298 and PETI 298 Loaded with 










































5 °C/min Post-cure Tg (°C) 
























Figure 96. Post-cure DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 
3.0, and 5.0 wt% TC307 graphite via melt mixing, with a heating rate of 5 °C/min 
following cure schedule of 2 hr at 371 °C. 
 
Table 44. Glass Transition Temperatures for Neat PETI 298 and PETI 298 Loaded with 











































5 °C/min Post-cure Tg (°C) 
























Figure 97. Post-cure DSC of neat PETI 298 and PETI 298 loaded with 0.2, 0.5, 0.7, 1.0, 
3.0, and 5.0 wt% 4827 graphite via melt mixing, with a heating rate of 5 °C/min 
following cure schedule of 2 h at 371 °C. 
 
Table 45. Glass Transition Temperatures for Neat PETI 298 and PETI 298 Loaded with 














































5 °C/min Post-cure Tg (°C) 






























Figure 98. DSC thermograms for PETI 298/3160-0.2% nanocomposites heated at 3, 5, 7, 
and 9 °C/min.  
 






































 PETI 298/3160-0.2% @ 3 
o
C/min
 PETI 298/3160-0.2% @ 5 
o
C/min
 PETI 298/3160-0.2% @ 7 
o
C/min










630.27 0.0015866 3 -11.793 
641.55 0.0015587 5 -11.318 
648.06 0.0015431 7 -11.002 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
630.27 0.0015866 3 0.47712 
641.55 0.0015587 5 0.69897 
648.06 0.0015431 7 0.84510 








Figure 99. Arrhenius fit plot for activation energy calculations for PETI 298/3160-0.2% 














































Figure 100. DSC thermograms for PETI 298/3160-0.5% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 













































 PETI 298/3160-0.5% @ 3 
o
C/min
 PETI 298/3160-0.5% @ 5 
o
C/min
 PETI 298/3160-0.5% @ 7 
o
C/min










632.96 0.0015799 3 -11.802 
641.22 0.0015595 5 -11.317 
648.43 0.0015422 7 -11.003 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
632.96 0.0015799 3 0.47712 
641.22 0.0015595 5 0.69897 
648.43 0.0015422 7 0.84510 







Figure 101. Arrhenius fit plot for activation energy calculations for PETI 298/3160-0.5% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 










































Figure 102. DSC thermograms for PETI 298/3160-0.7% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 






































 PETI 298/3160-0.7% @ 3 
o
C/min
 PETI 298/3160-0.7% @ 5 
o
C/min
 PETI 298/3160-0.7% @ 7 
o
C/min










630.95 0.0015849 3 -11.796 
641.23 0.0015595 5 -11.317 
649.99 0.0015385 7 -11.008 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
630.95 0.0015849 3 0.47712 
641.23 0.0015595 5 0.69897 
649.99 0.0015385 7 0.84510 








Figure 103. Arrhenius fit plot for activation energy calculations for PETI 298/3160-0.7% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 










































Figure 104. DSC thermograms for PETI 298/3160-1% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 
 










































 PETI 298/3160-1% @ 3 
o
C/min
 PETI 298/3160-1% @ 5 
o
C/min
 PETI 298/3160-1% @ 7 
o
C/min










632.85 0.0015802 3 -11.802 
647.34 0.0015448 5 -11.336 
655.12 0.0015264 7 -11.024 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
632.85 0.0015802 3 0.47712 
647.34 0.0015448 5 0.6990 
655.12 0.0015264 7 0.84510 









Figure 105. Arrhenius fit plot for activation energy calculations for PETI 298/3160-1% 












































Figure 106. DSC thermograms for PETI 298/3160-3% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 





































 PETI 298/3160-3% @ 3 
o
C/min
 PETI 298/3160-3% @ 5 
o
C/min
 PETI 298/3160-3% @ 7 
o
C/min










634.36 0.0015764 3 -11.807 
645.12 0.0015501 5 -11.329 
651.41 0.0015351 7 -11.012 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
634.36 0.0015764 3 0.47712 
645.12 0.0015501 5 0.69897 
651.41 0.0015351 7 0.84510 









Figure 107. Arrhenius fit plot for activation energy calculations for PETI 298/3160-3% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 










































Figure 108. DSC thermograms for PETI 298/3160-5% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 









































 PETI 298/3160-5% @ 3 
o
C/min
 PETI 298/3160-5% @ 5 
o
C/min
 PETI 298/3160-5% @ 7 
o
C/min










633.09 0.0015796 3 -11.803 
645.69 0.0015487 5 -11.331 
652.10 0.0015335 7 -11.015 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
633.09 0.0015796 3 0.47712 
645.69 0.0015487 5 0.69897 
652.10 0.0015335 7 0.84510 







Figure 109. Arrhenius fit plot for activation energy calculations for PETI 298/3160-5% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 










































Figure 110. DSC thermograms for PETI 298/3775-0.2% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 










































 PETI 298/3775-0.2% @ 3 
o
C/min
 PETI 298/3775-0.2% @ 5 
o
C/min
 PETI 298/3775-0.2% @ 7 
o
C/min










630.80 0.001585 3 -11.795 
640.85 0.00156 5 -11.316 
647.99 0.001543 7 -11.002 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
630.80 0.001585 3 0.47712 
640.85 0.00156 5 0.69897 
647.99 0.001543 7 0.84510 







Figure 111. Arrhenius fit plot for activation energy calculations for PETI 298/3775-0.2% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 










































Figure 112. DSC thermograms for PETI 298/3775-0.5% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 











































 PETI 298/3775-0.5% @ 3 
o
C/min
 PETI 298/3775-0.5% @ 5 
o
C/min
 PETI 298/3775-0.5% @ 7 
o
C/min










630.12 0.001587 3 -11.793 
644.30 0.001552 5 -11.327 
645.75 0.001549 7 -10.995 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
630.12 0.001587 3 0.47712 
644.30 0.001552 5 0.69897 
645.75 0.001549 7 0.84510 







Figure 113. Arrhenius fit plot for activation energy calculations for PETI 298/3775-0.5% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 










































Figure 114. DSC thermograms for PETI 298/3775-0.7% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 










































 PETI 298/3775-0.7% @ 3 
o
C/min
 PETI 298/3775-0.7% @ 5 
o
C/min
 PETI 298/3775-0.7% @ 7 
o
C/min










631.90 0.001583 3 -11.799 
642.68 0.001556 5 -11.322 
648.44 0.001542 7 -11.003 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
631.90 0.001583 3 0.47712 
642.68 0.001556 5 0.69897 
648.44 0.001542 7 0.84510 









Figure 115. Arrhenius fit plot for activation energy calculations for PETI 298/3775-0.7% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 










































Figure 116. DSC thermograms for PETI 298/3775-1% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 





































 PETI 298/3775-1% @ 3 
o
C/min
 PETI 298/3775-1% @ 5 
o
C/min
 PETI 298/3775-1% @ 7 
o
C/min










629.94 0.001587 3 -11.793 
645.21 0.00155 5 -11.330 
650.50 0.001537 7 -11.010 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
629.94 0.001587 3 0.47712 
645.21 0.00155 5 0.6990 
650.50 0.001537 7 0.84510 







Figure 117. Arrhenius fit plot for activation energy calculations for PETI 298/3775-1% 











































Figure 118. DSC thermograms for PETI 298/3775-3% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 
 






































 PETI 298/3775-3% @ 3 
o
C/min
 PETI 298/3775-3% @ 5 
o
C/min
 PETI 298/3775-3% @ 7 
o
C/min










642.26 0.001557 3 -11.831 
650.62 0.001537 5 -11.346 
658.69 0.001518 7 -11.035 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
642.26 0.001557 3 0.47712 
650.62 0.001537 5 0.69897 
658.69 0.001518 7 0.84510 









Figure 119. Arrhenius fit plot for activation energy calculations for PETI 298/3775-3% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 











































Figure 120. DSC thermograms for PETI 298/3775-5% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 







































 PETI 298/3775-5% @ 3 
o
C/min
 PETI 298/3775-5% @ 5 
o
C/min
 PETI 298/3775-5% @ 7 
o
C/min










636.86 0.001570 3 -11.815 
650.48 0.001537 5 -11.346 
651.21 0.001536 7 -11.012 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
636.86 0.00157 3 0.47712 
650.48 0.001537 5 0.69897 
651.21 0.001536 7 0.84510 








Figure 121. Arrhenius fit plot for activation energy calculations for PETI 298/3775-5% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 









































Figure 122. DSC thermograms for PETI 298/TC307-0.2% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 









































 PETI 298/TC307-0.2% @ 3 
o
C/min
 PETI 298/TC307-0.2% @ 5 
o
C/min
 PETI 298/TC307-0.2% @ 7 
o
C/min










633.86 0.001578 3 -11.805 
644.59 0.001551 5 -11.328 
650.86 0.001536 7 -11.011 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
633.86 0.001578 3 0.47712 
644.59 0.001551 5 0.69897 
650.86 0.001536 7 0.84510 








Figure 123. Arrhenius fit plot for activation energy calculations for PETI 298/TC307-
0.2% nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-
Wall methods (bottom). 
 








































Figure 124. DSC thermograms for PETI 298/TC307-0.5% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 




































 PETI 298/TC307-0.5% @ 3 
o
C/min
 PETI 298/TC307-0.5% @ 5 
o
C/min
 PETI 298/TC307-0.5% @ 7 
o
C/min










639.28 0.001564 3 -11.822 
651.37 0.001535 5 -11.349 
660.81 0.001513 7 -11.041 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
639.28 0.001564 3 0.47712 
651.37 0.001535 5 0.69897 
660.81 0.001513 7 0.84510 








Figure 125. Arrhenius fit plot for activation energy calculations for PETI 298/TC307-
0.5% nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-
Wall methods (bottom). 










































Figure 126. DSC thermograms for PETI 298/TC307-0.7% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 









































 PETI 298/TC307-0.7% @ 3 
o
C/min
 PETI 298/TC307-0.7% @ 5 
o
C/min
 PETI 298/TC307-0.7% @ 7 
o
C/min










640.98 0.00156 3 -11.827 
653.40 0.00153 5 -11.355 
659.04 0.001517 7 -11.036 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
640.98 0.00156 3 0.47712 
653.40 0.00153 5 0.69897 
659.04 0.001517 7 0.84510 








Figure 127. Arrhenius fit plot for activation energy calculations for PETI 298/TC307-
0.7% nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-
Wall methods (bottom). 
 










































Figure 128. DSC thermograms for PETI 298/TC307-1% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 



































 PETI 298/TC307-1% @ 3 
o
C/min
 PETI 298/TC307-1% @ 5 
o
C/min
 PETI 298/TC307-1% @ 7 
o
C/min










644.5 0.001552 3 -11.838 
653.30 0.001531 5 -11.355 
661.14 0.001513 7 -11.042 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
644.5 0.001552 3 0.47712 
653.30 0.001531 5 0.69897 
661.14 0.001513 7 0.84510 







Figure 129. Arrhenius fit plot for activation energy calculations for PETI 298/TC307-1% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 









































Figure 130. DSC thermograms for PETI 298/TC307-3% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 





































 PETI 298/TC307-3% @ 3 
o
C/min
 PETI 298/TC307-3% @ 5 
o
C/min
 PETI 298/TC307-3% @ 7 
o
C/min










646.06 0.001548 3 -11.843 
658.14 0.001519 5 -11.369 
664.62 0.001505 7 -11.053 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
646.06 0.001548 3 0.47712 
658.14 0.001519 5 0.69897 
664.62 0.001505 7 0.84510 







Figure 131. Arrhenius fit plot for activation energy calculations for PETI 298/TC307-3% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 









































Figure 132. DSC thermograms for PETI 298/TC307-5% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 









































 PETI 298/TC307-5% @ 3 
o
C/min
 PETI 298/TC307-5% @ 5 
o
C/min
 PETI 298/TC307-5% @ 7 
o
C/min










646.39 0.001547 3 -11.844 
657.11 0.001522 5 -11.366 
663.14 0.001508 7 -11.048 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
646.39 0.001547 3 0.47712 
657.11 0.001522 5 0.69897 
663.14 0.001508 7 0.84510 








Figure 133. Arrhenius fit plot for activation energy calculations for PETI 298/TC307-5% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 










































Figure 134. DSC thermograms for PETI 298/4827-0.2% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 











































 PETI 298/4827-0.2% @ 3 
o
C/min
 PETI 298/4827-0.2% @ 5 
o
C/min
 PETI 298/4827-0.2% @ 7 
o
C/min










632.70 0.001581 3 -11.801 
647.47 0.001544 5 -11.337 
655.94 0.001525 7 -11.026 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
632.70 0.001581 3 0.47712 
647.47 0.001544 5 0.69897 
655.94 0.001525 7 0.84510 








Figure 135. Arrhenius fit plot for activation energy calculations for PETI 298/4827-0.2% 











































Figure 136. DSC thermograms for PETI 298/4827-0.5% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 



















































 PETI 298/4827-0.5% @ 3 
o
C/min
 PETI 298/4827-0.5% @ 5 
o
C/min
 PETI 298/4827-0.5% @ 7 
o
C/min










635.16 0.001574 3 -11.8091 
649.35 0.00154 5 -11.3425 
657.64 0.001521 7 -11.0314 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
635.16 0.001574 3 0.47712 
649.35 0.00154 5 0.69897 
657.64 0.001521 7 0.84510 








Figure 137. Arrhenius fit plot for activation energy calculations for PETI 298/4827-0.5% 











































Figure 138. DSC thermograms for PETI 298/4827-0.7% nanocomposites heated at 3, 5, 
7, and 9 °C/min. 
 









































 PETI 298/4827-0.7% @ 3 
o
C/min
 PETI 298/4827-0.7% @ 5 
o
C/min
 PETI 298/4827-0.7% @ 7 
o
C/min










639.26 0.001564 3 -11.822 
651.97 0.001534 5 -11.351 
656.96 0.001522 7 -11.029 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
639.26 0.001564 3 0.47712 
651.97 0.001534 5 0.69897 
656.96 0.001522 7 0.84510 







Figure 139. Arrhenius fit plot for activation energy calculations for PETI 298/4827-0.7% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 










































Figure 140. DSC thermograms for PETI 298/4827-1% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 

















































 PETI 298/4827-1% @ 3 
o
C/min
 PETI 298/4827-1% @ 5 
o
C/min
 PETI 298/4827-1% @ 7 
o
C/min










639.25 0.001564 3 -11.822 
651.69 0.001534 5 -11.350 
660.85 0.001513 7 -11.041 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
639.25 0.001564 3 0.47712 
651.69 0.001534 5 0.69897 
660.85 0.001513 7 0.84510 








Figure 141. Arrhenius fit plot for activation energy calculations for PETI 298/4827-1% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 










































Figure 142. DSC thermograms for PETI 298/4827-3% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 


































 PETI 298/4827-3% @ 3 
o
C/min
 PETI 298/4827-3% @ 5 
o
C/min
 PETI 298/4827-3% @ 7 
o
C/min










646.49 0.001547 3 -11.845 
658.65 0.001518 5 -11.3710 
665.77 0.001502 7 -11.056 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
646.49 0.001547 3 0.47712 
658.65 0.001518 5 0.69897 
665.77 0.001502 7 0.84510 








Figure 143. Arrhenius fit plot for activation energy calculations for PETI 298/4827-3% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 










































Figure 144. DSC thermograms for PETI 298/4827-5% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 









































 PETI 298/4827-5% @ 3 
o
C/min
 PETI 298/4827-5% @ 5 
o
C/min
 PETI 298/4827-5% @ 7 
o
C/min










648.55 0.001542 3 -11.851 
658.66 0.001518 5 -11.371 
662.81 0.001509 7 -11.047 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
648.55 0.001542 3 0.47712 
658.66 0.001518 5 0.69897 
662.81 0.001509 7 0.84510 








Figure 145. Arrhenius fit plot for activation energy calculations for PETI 298/4827-5% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 










































Figure 146. DSC thermograms for PETI 298/4827-10% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 








































 PETI 298/4827-10% @ 3 
o
C/min
 PETI 298/4827-10% @ 5 
o
C/min
 PETI 298/4827-10% @ 7 
o
C/min










648.89 0.001541 3 -11.852 
660.59 0.001514 5 -11.377 
666.47 0.0015 7 -11.058 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
648.89 0.001541 3 0.47712 
660.59 0.001514 5 0.69897 
666.47 0.0015 7 0.84510 








Figure 147. Arrhenius fit plot for activation energy calculations for PETI 298/4827-10% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 









































Figure 148. DSC thermograms for PETI 298/4827-20% nanocomposites heated at 3, 5, 7, 
and 9 °C/min. 
 







































 PETI 298/4827-20% @ 3 
o
C/min
 PETI 298/4827-20% @ 5 
o
C/min
 PETI 298/4827-20% @ 7 
o
C/min










651.18 0.001536 3 -11.859 
662.42 0.00151 5 -11.382 
669.07 0.001495 7 -11.066 




1/T (K) Heating Rate β 
(°C/min) 
log (β) 
651.18 0.001536 3 0.47712 
662.42 0.00151 5 0.6990 
669.07 0.001495 7 0.84510 







Figure 149. Arrhenius fit plot for activation energy calculations for PETI 298/4827-20% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 












































PLA/m-CNC: FIGURES AND TABLES 
 
 
Figure 150. DSC thermograms for Neat PLA heated at 5, 10, 15, and 20 °C/min. 
  































 Neat PLA @ 5 
o
C/min
 Neat PLA @ 10 
o
C/min
 Neat PLA @ 15 
o
C/min









Table 98. Kinetic Analysis of Neat PLA Obtained by Kissinger Method 
 
Temperature (K) 1/K β ln (β/Tm
2) 
375.48 0.002663 5 -10.247 
383.1 0.00261 10 -9.5940 
389.26 0.002569 15 -9.2204 
398.11 0.002512 20 -8.9777 
 






Temperature (K) 1/K β log (β) 
375.48 0.002663 5 0.6990 
383.1 0.00261 10 1.0000 
389.26 0.002569 15 1.1760 








Figure 151. Arrhenius fit plot for activation energy calculations for Neat PLA using 















































Figure 152. DSC thermograms for PLA/m-CNC-0.3% nanocomposites heated at 5, 10, 
15, and 20 °C/min. 
 
Table 100. Kinetic Analysis of PLA/m-CNC-0.3% Nanocomposites Obtained by 
Kissinger Method 
 
Temperature (K) 1/K β ln 
(β/Tm
2) 
380.85 0.002626 5 -10.275 
390.08 0.002564 10 -9.6301 
393.95 0.002538 15 -9.2444 
399.03 0.002506 20 -8.9823 
 
Table 101. Kinetic Analysis of PLA/m-CNC-0.3% Nanocomposites Obtained by Ozawa-
Flynn-Wall Method 
 
Temperature (K) 1/K β log (β) 
380.85 0.002626 5 0.6990 
390.08 0.002564 10 1.0000 
393.95 0.002538 15 1.1761 
399.03 0.002506 20 1.3010 






















 PLA/m-CNC-0.3% @ 5 
o
C/min
 PLA/m-CNC-0.3% @ 10 
o
C/min
 PLA/m-CNC-0.3% @ 15 
o
C/min










Figure 153. Arrhenius fit plot for activation energy calculations for PLA/m-CNC-0.3% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 













































Figure 154. DSC thermograms for PLA/m-CNC-0.5% nanocomposites heated at 5, 10, 
15, and 20 °C/min. 
  
Table 102. Kinetic Analysis of PLA/m-CNC-0.5% Nanocomposites Obtained by 
Kissinger Method 
Temperature (K) 1/K β ln 
(β/Tm
2) 
375.4 0.002664 5 -10.247 
386.27 0.002589 10 -9.6105 
391.71 0.002553 15 -9.2330 
399.22 0.002505 20 -8.9833 
  
Table 103. Kinetic Analysis of PLA/m-CNC-0.5% Nanocomposites Obtained by Ozawa-
Flynn-Wall Method 
 






























 PLA/m-CNC-0.5% @ 5 
o
C/min
 PLA/m-CNC-0.5% @ 10 
o
C/min
 PLA/m-CNC-0.5% @ 15 
o
C/min
 PLA/m-CNC-0.5% @ 20 
o
C/min
Temperature (K) 1/K β log (β) 
375.4 0.002664 5 0.69897 
386.27 0.002589 10 1.0000 
391.71 0.002553 15 1.1761 








Figure 155. Arrhenius fit plot for activation energy calculations for PLA/m-CNC-0.5% 














































Figure 156. DSC thermograms for PLA/m-CNC-1% nanocomposites heated at 5, 10, 15, 
and 20 °C/min. 
 
Table 104. Kinetic Analysis of PLA/m-CNC-1% Nanocomposites Obtained by Kissinger 
Method 
Temperature (K) 1/K β ln 
(β/Tm
2) 
371.81 0.00269 5 -10.227 
381.77 0.002619 10 -9.5871 
388.86 0.002572 15 -9.2184 
395.5 0.002528 20 -8.9646 
 
Table 105. Kinetic Analysis of PLA/m-CNC-1% Nanocomposites Obtained by Ozawa-
Flynn-Wall Method 
Temperature (K) 1/K β log (β) 
371.81 0.00269 5 0.69897 
381.77 0.002619 10 1.0000 
388.86 0.002572 15 1.1761 
395.5 0.002528 20 1.3010 































 PLA/m-CNC-1% @ 5 
o
C/min
 PLA/m-CNC-1% @ 10 
o
C/min
 PLA/m-CNC-1% @ 15 
o
C/min











Figure 157. Arrhenius fit plot for activation energy calculations for PLA/m-CNC-1% 















































Figure 158. DSC thermograms for PLA/m-CNC-3% nanocomposites heated at 5, 10, 15, 
and 20 °C/min 
 













































 PLA/m-CNC-3% @ 5 
o
C/min
 PLA/m-CNC-3% @ 10 
o
C/min
 PLA/m-CNC-3% @ 15 
o
C/min
 PLA/m-CNC-3% @ 20 
o
C/min
Temperature (K) 1/K β ln (β/Tm
2) 
378.14 0.002645 5 -10.261 
384.63 0.0026 10 -9.6020 
393.46 0.002542 15 -9.2419 
396.47 0.002522 20 -8.9695 
Temperature (K) 1/K β log (β) 
378.14 0.002645 5 0.69897 
384.63 0.0026 10 1.0000 
393.46 0.002542 15 1.1761 









Figure 159. Arrhenius fit plot for activation energy calculations for PLA/m-CNC-3% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
 













































Figure 160. DSC thermograms for PLA/m-CNC-5% nanocomposites heated at 5, 10, 15, 
and 20 °C/min. 
 
Table 108. Kinetic Analysis of PLA/m-CNC-5% Nanocomposites Obtained by Kissinger 
Method 
Temperature (K) 1/K β ln (β/Tm
2) 
369.32 0.002708 5 -10.214 
374.57 0.00267 10 -9.5490 
381.42 0.002622 15 -9.1798 
382.91 0.002612 20 -8.8999 
 






































 PLA/m-CNC-5% @ 5 
o
C/min
 PLA/m-CNC-5% @ 10 
o
C/min
 PLA/m-CNC-5% @ 15 
o
C/min
 PLA/m-CNC-5% @ 20 
o
C/min
Temperature (K) 1/K β log (β) 
369.32 0.002708 5 0.69897 
374.57 0.00267 10 1.0000 
381.42 0.002622 15 1.17610 








Figure 161. Arrhenius fit plot for activation energy calculations for PLA/m-CNC-5% 
nanocomposites using dynamic data from Kissinger (top) and the Ozawa-Flynn-Wall 
methods (bottom). 
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